.HEMISTRY & ATOMIC 
STRUCTURE 

By ] 'D MAIN SMITH 

Ph D, (Birmingham), B Sc. (London) 
mrH AN INTRODUCTION BT 

PROFESSOR G. T. MORGAN 
OB,E., DSc, FR.S„ FIC 



LONDON: ERNEST BENN LIMITED 

8, BOUVERIE STREET, F.C.4 
1924 




INTRODUCTION 

The rapid development of subatomic physics m recent 
years ha^ been accompanied by the promulgation of many 
theoiies ^ to the ultimate stiucture of matter, ajid these 
conceptions, although perfectly legitimate as'’ worhng 
hypotheses, aie nevertheless often regarded as proven facts, 
especially by those chemists who are too much engrossed 
m their professional studies to follow critically the trend 
of modern physical research into the nature of atoms Yet 
It must be conceded that the acid test of the validity of 
these speculations is, do they classify, correlate and explain 
the known facts of chemical science. 

In Chemistry and Atomic Structure the author. Dr J D 
Mam Smith, who has devoted much time, labour, and 
research to the subject, has applied this criterion to the 
various theories which have at difterent times received 
acceptance since the foundation of chemistry to the present 
day 

As the almost inevitable result of the rapid and increasing 
advance of knowledge in physics and chemistry, students 
are tempted more and more to hurry over the fundamental 
concepts of these sciences in order to gam a superficial 
acquaintance with recently discovered phenomena The 
author corrects this unfortunate tendency by devoting the 
opening chapters of his treatise to the fundamental topics 
of atoms, molecules, valency, electrochemistry, and the 
classification of the elements. A survey of the growth of 
modern chemical science shows that on these sound foun- 
dations has gradually been elected the solid structure of 
three-dimensional chemistry, arising out of an intensive 
cultivation of carbon derivatives, then extending to 
compounds of other elements and embracing more 
complicated types of molecular architecture. 

To the texture and giain of this molecular fabric modern 
physics has agfhed the refined methods of X-ray and 
positive lay anft^is and the powerful weapons furnished 
by radioactive niatter, with the result that much of the 
mner mechanism of the chemical atom has been revealed 
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These epoch-making discoveries necessitate an amended 
description of the phenomena of chemical valency and 
combination in terms of the electronic theory^of atomic 
structure. The conception of atoms as the domains of 
dynamic elections is now shown to be compatible with 
the facts of chemical combination and stereo-isomerism. 

This treatise, which is dedicated to the memory of the 
Founder of the co-ordmation theory of atomic valency and 
molecular constitution, furnishes a concise and logical 
exposition of Werner’s original hypotheses and brings these 
conceptions into line with recent expeiimental evidence 
and modern philosophic thought ^ 
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.PREFACE 

Until comparatively recent years the theory of atoms was 
eatirely.a chemical theory, neither particularly useful nor 
necessary in physics The last generation, however, has 
witnessed* the development of a physical theory df atomic 
structure more complete than ever had appeared possible 
in chemistry, and it has lately been customary to regard 
chemistry as concerned only with the superficial structure 
of atoms. 

Consideration of the enormously varied and minutely 
diversified chemical properties of the colossal number of 
known chemical compounds brings the conviction that the 
outer structure of atoms is insufficient for an explanation 
and that chemistry is fundamentally concerned with the 
structure of atoms even to the heart of the nucleus 
Chemistry and physics must, therefore, be regarded as 
complementary scienc'^s, overlapping at the same pomt as 
the classical and quantum theories of physics overlap, at 
the surface of the atom, 

I have endeavoured to mamtain throughout as self- 
detached a pomt of view as possible m the presentation of 
historical facts and the exposition of views and theories, 
while maintainmg as mdependent a pomt of view as 
possible in the critical review of hypotheses and mterpreta- 
tions of experimental facts 

I have not scrupled to introduce new and perhaps strange 
ideas, as additional or supplemental explanations of both 
simple and abstruse problems and phenomena. I do not, 
however, wish to appear to have grafted on to the work of 
others views foreign to their intention, and, m case it may 
not always appear from the text, I hold myself responsible 
for the foUowmg, the generahsations of Werner’s co-ordma- 
tion theory , the classification and tables for the isomerism 
of- tetrahedral, octahedral, and cubic co-ordmation com- 
plexes; the criticism of Werner’s nomenclature, the 
^.interpretation of electronic structures from radioactivity 
phenomena ; the criticism of the actinium series atomic 
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constants ” , the cnticisna of the fractional atomic weight 
of hydrogen, and artificial disintegrations ; the ether 
mechanism for energy exchange between light w5ves and 
-electron^ and for Ae non-radiative properties, of Bohr 
orbits ; the criticism of the “ lelativity effect ” ; the 
proposal of spatial precession domains for elliptic oibits 
for both free and combined atoms ; the criticism of the 
covalency bond of two electrons , the proposal of the law 
of uniform atomic plan , the interpretation of chemical 
evidence in terms of election subgroup structure , and the 
detailed stiuctures assigned to elements generally 
I wish to express a great indebtedness to the work and 
ideas of the late Piofessoi Alfred Werner and Professor 
G T Morgan in chemistry, and of Sir Oliver Lodge, 
Professors N Bohr and A Sommeifeld, Sir J J, Thomson, 
and Sir Ernest Rutherford in physics and the borderland of 
physics and chemistry, and to acknowledge the unfailing 
general and generous assistance of H M. Department of 
Scientific and Industrial Research 
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HAPTFR 1 

ATOMS 

Speculations as to the ultimate causes and origins of 
material phenomena usually resolve into notions regarding 
infinity, and fall into two classes, related as proposition and 
Its converse. Matter, for example, may be regarded as 
continuous or granular. Theories of the continuous nature 
of matter postulate that any portion of any apparently 
homogeneous substance is throughout as homogeneous as 
It appears, and admits of unlimited subdivision without 
any change m nature appearmg Theories of the granular 
structure of matter, on the other hand, postulate that any 
portion of any apparently homogeneous substance is 
reducible by subdivision to a particle which is either 
indivisible, or divisible, only with a fundamental change in 
the nature of the substance into parts consistmg of indi- 
visible particles. All atomic theories postulate indivisible 
ultimate particles, though m chemistry atomic tlieories 
■ relate to particles which are indivisible except with change 
in properties, and ultimate indivisibility is not postulated 

The earliest recorded system of philosophy, based on an 
atomistic view of matter, appears to be that of the Hindu 
philosopher, Kanada, probably earlier than looo b.c., who 
postulated the existence of small particles of matter con- 
sisting each of a few ultimate indivisible particles oi monads 
Kanada’s doctrines were early incorporated m the tenets of 
the various sects of the Buddhist religion, and became 
widely diffused over Asia. 

It has been suggested, and .there is considerable evidence 
of the westward spread of Buddliist doctrines prior and 
subsequent to the lise of the early Greek civilisation, that 
the atomistic views of Leucippus, a Greek philosopher of 
about 450 B.C., and of his pupil Democritus (425 b.c.) are 
to be ascribed to Buddhist influences. However this may 
be, it is certain that the atomic hypothesis, usually associated 
with tlie name of Democritus, alone has directly influenced 
western scientific thought since the Renaissance 
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The atomistic philosophy of Democritus was modified 
by Plato, a pupil of Socrates, in the dialogue, the* 7 " imaeus, 
about 400 B.C., by grafting on parts of the mathematical 
and geometrical doctrines of the later Pythagoreans. Plato 
assigned to the primordial atoms the shapes of the five 
regular eohds, the tetrahedron, octahedron, cube, icosa- 
hedron, and dodecahedron, the four, six, eight, twelve, and 
twenty point symmetrical configurations respectively. The 
Democritan doctrine was further elaborated by Epicurus 
(about 300 B.c ) into a comprehensive system of philosophy, 
though little now remains on record of the Epicurean 
system except in the poem, De Rerunt Natura, of the 
Roman, Lucretius, who hved from about 100-55 ® ^ 

Aristotle (384-3Z2 b.c.), a pupil of Plato, early abandoned 
the Platonic system, and founded the Peripatetic school, 
which rejected the Democritan atomic hypothesis and 
postulated the infinite divisibihty of matter and the trans- 
mution of elementary substances Owing to the tremen- 
dous influence of the Aristotelian school on contemporary 
and subsequent thought, atomistic doctrines fell into dis- 
repute. Owing further to the fact that chemistry, in the 
early and middle Christian ages, was almost exclusively an 
Arabian art founded on the teaching of Aristotle, - the 
atomic view of matter practically disappeared during the 
sixteen centuries from the time of Lucretius, until the 
Renaissance brought back the study of the pie-Christian 
philosophies. 

The Democritan doctrine was first revived by Francis 
Bacon (1561-1626) in his Novum Orgamm, and Gassendi 
(1592-1655), in his strong opposition to the Aristotelianism 
of his time, brought forward and adapted the system of 
Epicurus. Despite a partial set-back, due to the con- 
tinuous-matter theory of Descartes, known as the Cartesian 
Philosophy, atomic views of matter became generally 
accepted, Robert Boyle (1627-1691), in his Sceptical 
Chymist and The Usefulness of Natural Philosophy, apphed 
a corpuscular or atomic theory of matter to combination 
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between substances to form other substances and to a 
dynamic explanation of gaseous pressure Isaac Newton 
(1642-1727), in his OpUcks and the Pnnctpta, referred 
chemical changes to atomic combinations, accepted and 
developed Boyle’s explanation of the cause of gaseous 
pressure, and apphed the atomic hypothesis to the forces 
of chemical affinity, gravitation, electricity, and magnetism. 

In 1776, Bryan Higgins, in his Philosophic Essay con- 
cerning Light, brought the atomic hypothesis more directly 
into relation with chemistry, by his suggestion that two 
different atoms combine smgly to form a compound, and 
William Higgins, in his Compai ative Vuw of the Phlogistic 
and Antiphlogistic Theones with Inductions (1789), expanded 
this suggestion into a definite theory of combmation 
between atoms in multiple proportions, the simplest and 
stablest combination occurring between two different 
atoms to form a bmary compound 
Though T Nicholson had defined chemistry in 1795, m 
his Dictionary of Chemistry, as a science of the changes pro- 
duced in bodies by the movement of parts individually too 
minute to affect the senses, the atomic view of matter was 
merely a bare hypothesis, neither necessary nor even con- 
venient for an explanation of chemical facts Indeed, at 
the commencement of the nineteenth century no smgle 
quantitative phenomenon, relating to the combmation of 
substances either by weight or by volume, had been shown 
to be in accord with the necessities of an atomic hypothesis. 
Numerous determmations had been made by weight and 
by volume of the proportions in which elements combine, 
but the results had not been apphed to the support of the 
doctrine of atoms, though the Higgmses had postulated a 
theory of chemical combmation atom to atom, which was 
clearly susceptible of quantitative investigation 
As early as 1630, Jean Rey, m an essay, Investigation of 
the Cause of the Gam in Weight of Pin and Lead on Calcina- 
tion, showed that such gain in weight never exceeded a 
certain limit Homberg, m his Observations on the Quantity 
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of Acids Ahsmbed by the Alkaline Earths (1669), determiiied 
the amounts of various acids required to “ sAurat%^ 
(neutralise) a fixed amount of “ salt of tartar ” (potassium 
carbonate), and his results may be regarded '^as the first 
steps towards the estabhshment of the Law of Equivalent 
Proportions 

Cavendish, m 1767, and Wenzel, m 1777, mdicated that 
equivalency existed between the various weights of metals 
and bases that neutrahse a definite weight of any given acid, 
and, further, that this equivalency was mdependent of the 
particular acid used The extensive researches of Richter, 
the origmator of the distressful term “ stoichiometry ” — 
the quantitative relations between chemically reacting sub- 
stances — ^finally established in his Neio Ams of Chemistry 
(1792-1802), the truth of the foregoing law, fiequently 
called Richter’s Law of Proportionality or of Equivalent 
or Reciprocal Ratios or Proportions. This law states that 
the ratios between the weights of different substances that 
combine with a constant weight of another substance are 
either equal to the ratios of the weights of the substances 
in their combination with each other or are small integral 
multiples or simple submultiples of these ratios. Origin- 
ally applicable to the combination of acids with bases or 
metals, it was proved by Bei zebus ^ to be equally valid foi 
compounds and elements generally, and it is to-day, owing to 
the extiaordinary refinement of atomic weight methods, 
the most firmly estabhshed of the laws of chemistry 

One of the outstandmg difficulties m the way of the 
early general acceptance of Richter’s Law lay in the well- 
known fact that some substances combine, in several different 
proportions with a constant weight of another substance 
It was not even certain at the beginnmg of the nineteenth 
century that combination between substances did not take 
place in every ^sort of contmuously varying latio The 
controversy between BerthoUet and Proust, as to the fixity 

1 Gilbert’s Ann, i8n, 37 , 148 and 415, 88, 161 and 217, and i8ia, 40 , i6i 
and 23s 
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of composition of compounds, lasted from 1802 to 1808, 
and, though Proust’s Law of Constant Composition was 
generally accepted and had in fact been tacitly assumed 
many years previously by Cavendish, Richter, and Lavoisier, 
conclusive experimental evidence for it m any great detail 
was not available until Berzelius fiom i8io onwards had 
determined the exact composition by weight of nearly all 
the chemical compounds known m his day. 

Richter had noticed in 1792 that a metal could form 
oxides with two diifeient pioportions of oxygen , Lavoisier 
was aware of a number of elements which combmed with 
another element in several different proportions , Caven- 
dish analysed three different oxides of nitrogen ; Proust in 
1799 analysed two different oxides of copper , Clement and 
Desormes discovered in 1801 that carbonic acid contained 
twice as much oxygen as carbonic oxide , and Dalton m 
1802 showed that nitric oxide combined with air in two 
proportions, one double the other, 

^Wiether or not Dalton was aware of the suggestion of 
W Higgins, that combmation between atoms takes place in 
multiple pioportions, is not known with ceitainty, but m 
1803, fourteen yeais after the publication of Higgins’s 
suggestion, Dalton brought forward an almost identical 
theory of atomic combination and devised a system of 
atomic weights, entiiely based on the assumption of com- 
bmation between atoms in simple multiple proportions. 
The broad outhnes of Dalton’s theory were fiist mdicated 
in Thomson’s System of Chemistry, published m 1807, and 
Dalton’s celebrated work A New System of Chemical 
Philosophy appeared in 1808, and almost immediately the 
atomic theory met with general acceptance 
The virtue of Dalton’s theory was not that it was an 
atomic theory, foi theories of atoms are fai older than the 
science of chemistry, but that it represented the fiist 
definite attempt to place on a quantitative chemical 
footmg the doctrme of combination between elementary 
corpuscles first laid down by Boyle and later by W. Higgins 
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Dalton’s atoms, as we now Imow, were not real atoms, and 
more nearly coincided with, the modern conceptign of mole- 
cnles, and his so-called atomic weights were usually sub- 
multiples of leal atomic weights, and were often in fact the 
modem chemical equivalent weights, which are related to 
the atomic weights by a simple multiple now called valency 
or the combmmg capacity of an atom measured in terms of 
hydrogen atoms oi Aeir equivalent Dalton’s outstandmg 
achievement was his lecognition of the Law of Simple 
Multiple Proportions by Weight, which states that the 
different weights of an element, in combination with a 
constant weight of another element, are small integral 
multiples of a common factor. 

It appears that Dalton had embiaced the theory of 
atomic combmation considerably pnoi to his recognition 
of the experimental facts of combmation of substances m 
simple multiple proportions by weight, and that his law as 
to such combmation was deduced from the necessities of 
an atomic theoiy It is certain that much of the evidence 
on which he relied to support his theory has since been 
shown to be untrustworthy oi susceptible of other con- 
clusions He showed, foi example, that olefiant gas 
(ethylene) contains twice as gieat a propoition of carbop. as 
marsh gas (methane) Had ethane been known m his day 
lus theory would have had to be abandoned as soon as 
proposed, for ethane contains one and one-third times as 
much carbon as methane, to which Dalton assigned the 
formula CH2, and two-thirds of that in ethylene, to which 
Dalton assigned the formula CH In benzene, CgHa, 
naphthalene, CioHs, anthracene, C14H10, and picene, 
C22H14, Dalton would have found compounds havmg 
weight ratios of hydrogen to carbon of i, 08, 07 14, and 
o 836, irreconcilable with his law of simple multiple pro- 
portions by weight It can be regarded only as remarkably 
fortunate that the few compounds known in Dalton’s day 
were the simpler compounds of chemistry, to which alone 
the law apphes. 
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The two chief assumptions of Dalton’s theoiy, that com- 
bmation -^kes place m simple multiple proportions by 
weight and that the simplest and stablest compound is a 
binary combination of one atom with one other atom, are 
both unjustifiable The first assumption is vahdly applic- 
able only to such compounds as aie not formed by combina- 
tion between atoms of the same element. The second 
assumption is also unwar i anted, and in fact led to a con- 
fusion in the subsequent half a century almost unparalleled 
in the history of any science 

As early as 1814 Wollaston clearly saw that it was 
impossible, in the then existing state of chemical knowledge, 
to ascertain, in the cases to which the law of simple multiple 
proportions by weight was applicable, which or if any com- 
pounds consisted of one atom of one element combined 
with one atom of another element He proposed to discard 
Dalton’s purely hypothetical atomic weights and to substi- 
tute equivalent weights,^ being the expeiimcntally ascer- 
tained combining weights of elements referred to a fixed 
weight of a standard element Gmelin, in his Hmdbuch 
del Chemte (i8ry), was no less clear as to the insecurity of 
Dalton’s atomic weights, and decided in favour of equi- 
valent or combining weights, and Gmelin’s system remamed 
in more or less extended use on the Continent for nearly 
fifty years. 

Berzelius, probably the greatest experimental chemical 

S nius of the nmeteenth century, adopted Dalton’s atomic 
eory, and proposed the present system of chemical 
nomenclature,'* in which the initial letter or the mitial 
letter and another are used to symbohse elements Owing 
to the defect m Dalton’s theory in that no certain criterion 
existed for determining the real relative weights of atoms, 
Berzelius was frequently compelled to alter his scheme of 
atomic weights, and thereby undermined the foundations 

' j 4 Sympnc Scale of Chemteal Equtvalents, PM Trans R Soc , 1814, 104 , 
P ' 

^Journ Pbys., i8n, 78 , *57, and Larbok t Kemtett, 1811 
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of the atomic theory they weie designed to support to such 
an extent that by about 1850 atomic theories weye virtually 
abandoned 

Though the ultimate failure of Dalton’s theory was due 
to its inability to define the atoms it postulated, neverthe- 
less the theory contained not only the geim of the modern 
theory of the atom but indeed foreshadowed that atoms 
have definite structural parts, and it is lemarkable that this 
inference from the theory should have remamed uniecog- 
msed for three-quarteis of a century, and particularly after 
the development of the theory of chemical valency from 
1852 onwards A single example is sufficient to illustrate 
the point The element manganese forms the following 
oxides, manganous oxide, manganic oxide, manganous 
anhydiide, manganic anhydride, and permanganic anhy- 
dride, in which 100 parts by weight of manganese are com- 
bined with 29, 43f, 58, 87, and loif parts by weight of 
oxygen respectively These weights of oxygen are the 
simple multiples, 2, 3, 4, 6, and 7, of the common factor 14^ 
Assuming, as Dalton would have assumed, that the first 
oxide contains one atom of manganese, these oxides would 
have the formulae MnOj, MnOs, Mn04, MnOg, and 
MnOv, identical with the modern formulae if “ 0 ” .be 
taken as a half-atom of oxygen, 1 e a hydrogen equivalent 
of oxygen. The multiples express precisely the vaiious 
valencies or combining capacities of the manganese atom 
measured in terms of atoms of hydrogen or their equivalent, 
and are unequivocal evidence of the active participation of 
2, 3, 4, 6, and 7 of the manganese electrons in binding 
oxygen atoms. It thus occurs that Dalton’s atomic theory, 
defectii e though it proved, presaged the ultimate structure 
of the real atoms it failed to substantiate 



CHAPTER II 


ATOMS A?JD MOLECULES 

If all atones have equal combining capacities, measured m 
terms of atoms of any element taken as a standard, atomic 
weights and equivalent (combining) weights are identical ; 
but if atoms have different combining capacities, atomic 
weights can not be determined solely from considerations 
of equivalent weights. The cardinal defect of Dalton’s 
atomic theory was its failuie to provide any means of, 
ascertaining the combining capacities of different— atoms 
Dalton assumed that the combining capacities of hydrogen, 
caibon, nitiogen, and oxygen were identical, and that the 
composition of the ultimate particles of hydrogen, ethylene, 
ammonia, water, carbonic oxide, and nitric oxide was 
correctly expiessed by the foimulse H, CH, NH, OH, CO, 
and NO, whereas they are in fact Hj, CaH4, NHg, HgO, 
CO, and NO, respectively A decision, as to which of these 
tivo senes of formulse is coircct, can however readily be 
made, if the relative weights of the particles and the formula 
of any one are known General agreement, as to the com- 
position of the hydrogen particle oi molecule, and as to 
methods for determining the molecular weights of elemen- 
tanr and compound substances, was not reached for over 
half a century after Dalton’s theory was put forward, but 
this half-century of confusion sufficed to elucidate that 
atoms have a definite numerical valency, saturation capacity 
or combining power measured in terms of hydrogen atoms 
or their equivalent. 

In 1805, Gay-Lussac and Humboldt ^ discovered that 
oxygen and hydrogen combine to form water in the pro- 
portion of two of hydrogen to one of oxygen by volume, 
and m 1808 Gay-Lussac,® as the result of further experi- 
ments, put forward the Law of Simple Multiple Propor- 
tions by Volume, which, in modern terms, states that the 
several gaseous volumes, measured under standard condi- 

Joiirn Phys, 1805 , 60 , 129 
* Soc Arcuetl, 1809 , 2 , 207 . 
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tions, of the substances taking part in a chemical change 
and the total change in volumes, if any, are small integral 
multiples either of the smallest or of a commo^ factor of 
these volumes. This law, usually referred to as Gay- 
Lussac’s Law or the Law of Gaseous Volumes, was strongly 
opposed by Dalton in i8io, who imagined it was uncon- 
foimable with his atomic theory. Dalton, however, 
admitted that the law and the atomic theory were com- 
patible, if “ all elastic fluids (gases) have the same number of 
atoms in the same volume but regarded such a hypothesis 
as untenable 

The hypothesis abandoned by Dalton was again pro- 
pounded in i8il by Avogadro,^ who showed clearly that 
Gay-Lussac’s Law was thereby readily explicable, Avo- 
gadro’s Hypothesis states that equal volumes of gases 
under the same conditions of temperature and pressure 
contain equal numbers of independent particles (mole- 
cules) He mferred from the hypothesis that the ratio of 
the masses of equal volumes of gases is the ratio of the 
masses of their molecules, or, in other words, that the 
ratio of vapour densities is the ratio of molecular weights. 
He fmther showed that, by means of the hypothesis, 
Dalton’s arbitrary suppositions as to the relative number of 
atoms in compounds could be rectified or confirmed, and 
that the so-called atoms of hydrogen, nitrogen, and oxygen 
must each consist of two half-molecules. Avogadro’s argu- 
ment was that, as the volume of gaseous water formed by 
combmmg two volumes of hydrogen with one volume of 
oxygen was double that of the oxygen, the molecule of 
oxygen must be double. Similarly, he argued that, as the 
volume of ammonia was double that of the nitrogen from 
which it could be formed, the nitrogen molecule must be 
double, and, further, that, as three volumes of hydrogen 
yield only two volumes of ammonia, the molecule of 
hydrogen must be double, le. that six haH-molecules of 
hydrogen must have been present m the original three 

1 Jomn Phys, i 8 ii, 78, 58 
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molecules The importance of Avogadro’s hypothesis was, 
however, not realised by chemists, and for the next forty- 
nme year] no certain means existed of determining atomic 
weights 

Amp6re m 1814 * revived Avogadro’s hypothesis, but 
failed to malce it acceptable A similar fate befell Dumas’ 
attempts ® to establish a system of atomic weights based on 
determmations of vapour densities 

In 1819, Dulong and Petit, as a result of investigations of 
the relations between atomic weights and physical pro- 
perties, proposed ® the Law of Atomic Heat, which states 
that the heat required to raise the temperature of a 
weight of any element, equal to the atomic weight in 
grams, through 1 ° C. is constant for all elements, or that 
the atomic heats of different elements are equal. This 
law IS, however, only approximately true, the constant 
(6 4 calories) varying for different elements from less than 
2 to more than 9 calories It is available, in the absence 
of means of determmmg molecular weights, for fixing 
atomic weights, and serves as a useful check on atomic 
weight data The mvestigations of Neumann in 1831, and 
of Regnault m 1841, enabled Joule m 1844.10 piopose the 
Law of Molecular Heat,"* which states that the atomic 
heats of elements are unchanged m their compounds. 
The exceptions to the heat laws are not only numerous but 
very marked, discrepant atomic heats, for example, being 
almost invariably low It has been frequently suggested 
that the atomic heats of the discrepant elements are more 
closely in agreement with the law at very high tempera- 
tures, the atomic heat of caibon, foi example, mcreasmg 
from I '8 at 20° to 6-o at about 2000° This suggestion is 
invalidated by the fact that nearly all elements having 
normal atomic heats, i.e about 6*o, have atomic heats as 
high as 9 to 10 at the temperature at which carbon has 6 o. 
1 Am Chtm Fhys , 1814, [i], 90 , 43 
3 Ibid , 1826, [2], 83 , 337, and 1832, [2], 60 , 17° 

3 Ibid , 1819, [2], 19 , 350 
* Fill Mag , 1844, [3I, 26 , 334 
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Moi cover, as all specific heats tend to zero as zero absolute 
temperature is approached, atomic heats also tend to zeio 
The fact IS that atomic heats are not constant, bul/that the 
value 6 4 calories is close to the atomic heats of many 
elements 

Atomic weights aie occasionally determmable on analo- 
gies inferred from crystalline structuie In 1820, Mitschei- 
hch pioposed the Law of Isomorphism, which states that 
“ the same number of atoms combined in the same mannei 
produce the same crystalline foim , the crystalline foim is 
independent of the chemical name of the atoms, and is detei~ 
mined solely by their number and mode of combination ” If 
this law were rigorously true it would be of seivice in 
determinmg the combining capacity 01 valency of eleinen- 
taiy atoms by analogy with similar and isomorphous com- 
pounds containing elements of known valency. The law is, 
however, of very 'limited application, as the number of 
exceptions to it aie numerous, and as no such phenomenon 
as exact isomorphism exists even m the case of compounds 
of elements chemically most closely related, largely due to 
the non-identity of atomic volumes of any atoms 

Berzehus, who determined the atomic weights of almost 
the whole of the elements known m his day and the exact 
composition of the majority of their compounds, was 
guided, in his decisions as to the numerical relation between 
equivalent weight and atomic weight, by general con- 
sideiations based on the well-ascertained reactivities of 
similar elements in analogous compounds, by Gay-Lussac’s 
law of gaseous volumes in so far as he applied Avogadro’s 
hypothesis to elementary but not to compound gases and 
vapours, by Dulong and Petit’s law of atomic heat, and 
by Mitscherlich’s law of isomorphism. That his atomic 
weights were frequently amended, by multiples or sub- 
multiples, and weie finally often in error, is to be attributed 
more to his failme to accept Avogadro’s hypothesis for 
compounds as well as for elements than to the inadequacy 
of, contemporary knowledge This failure undoubtedly 
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held back the development of chemistry foi at least a 
generation, as is evident fiom the fact that, withm ten 
yeais of tfie regularising of atomic weights consequent on 
Cannizzaio’s revival and the immediate general acceptance 
of Avogadro’s hypothesis, the obscure facts of valency were 
disentangled and the periodic classification propounded 

In 1858, Cannizzaro published his Sketch of a Course of 
Chemical Philosophy^ by which he firmly established 
Avogadro’s hypothesis and showed that all the known 
physical and chemical facts as to gaseous bodies confirmed 
Its vahdity, and that the distinction between atoms and 
molecules reconciled aU the contradictory experimental 
results accumulated in the preceding half century. Canniz- 
zaro attempted to combine the laws of simple multiple 
proportions by weight and by volume into one law, that 
the various weights of the same element contained in equal 
volumes either of the free element or of its compounds are 
all whole multiples of one and the same weight, that of the 
atom This, howevei, is not a law but merely a definition 
of atomic weight, and quite overlooks the important point 
in Dalton’s law of simple multiple proportions, m that the 
latter deals with the multiples of a weight which is fre- 
quently less than the atomic weight, and always less than 
the atomic weight in the cases of elements having com- 
bining capacity for hydiogen atoms, 1 e. valency, greater 
than unity Cannizzaro emphasised that what enters into 
chemical leactions is the half-molecule of hydrogen, which 
is “ indivisible, at least in the sphere of chemical actions 
actually known," and deliberately left open the question as 
to whether or not it was physically possible to divide atoms 
further, a significant disclaimei m view of modern theories 
of the many-electroned atom and its composite nucleus. 

It is a common delusion of writers in the journals of 
popular science no less than in the daily press that the dis- 
covery of the mobile electron and the disintegrable atomic 
nucleus destroyed the foundations of chemistry, a science 

1 II Ntiovo Cimento, i8j8, 7 , 3*1 , Almhtc CM Raprmt, No 
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of indivisible atoms This delusion has its origin in a mis- 
apprehension of what chemists mean by an atom The 
integrity of the chemical atom has never been sof certam as 
since It was proved to be physically divisible, and, even had 
the atom been proved in physics to have no real existence 
whatever, the atom of chemistiy would remain, for it is 
the name by which one of the real weight relations between 
different hnds of matter is experimentally identifiable 
The precise meaning attached m chemistiy to the term 
atom IS involved m the definition, that the Atomic Weight 
of an element is a number equal to thirty-two times the 
ratio of the smallest vyeight of it, ever found in a gaseous 
volume of it or of any of its compounds, to the weight of 
an equal gaseous volume of oxygen ^t the same tempera- 
ture and pressure. This number is very nearly identical 
with twice the corresponding ratio referred to hydrogen as 
the standard From this definition it is obvious that an 
atomic weight is an experimentally determinable number 
which is totally independent of the reality of the existence 
of physical atoms Atomic weights are not measureable 
m grams or pounds, but are mere numbers, expressmg the 
ratio of one weight to a specifically selected weight of an 
arbitrary standard Cannizzaio chose hydrogen as the 
standard element, but, for reasons of accessibility of 
measurement, the modern standard element is oxygen 
The definition of atomic weight is so framed that even 
the atomic weight of the standard element can be experi- 
mentally determined The weights of equal volumes of 
gaseous water and gaseous oxygen are m the latio 9 to 16, 
and 9 parts by weight of water contain 8 parts by weight of 
oxygen, and, by definition, the atomic weight of oxygen in 
water is 32 times the ratio A, 1 e. 16. As this is the smallest 
atomic weight ever found in an oxygen compound, the 
atomic weight of oxygen is 16. The atomic weight of 
hydrogen m water is 32 times the ratio Aj i-®- deduced 
from the fact that l part by weight of hydrogen is contained 
in 9 parts by weight of water, and 16 parts by weight of 
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^aseoub oi)'gen aie contained in a volume equal to that 
of 9 paitb by weight of gaseous water This atomic weight 
of hydrogIb is not the leal atomic weight, for compounds of 
hydrogen are known, fiom which an atomic weight about 
half of the foiegoing is obtamed, i 008 to be exact 

As equal gaseous volumes of oxygen and water have 
weights m the ratio of 9 to 16, and watei contains eight- 
ninths of Its weight of oxygen, tlie latio of the oxygen m 
water to the oxygen m gaseous oxygen is i to 2 by weight. 
By Avogadro’s hj pothesis the ratio of the weights of equal 
volumes of gases is the latio of the weights of the particles 
of which the gases aie composed, 1 e. the weights of the 
molecules As the weight of oxygen in gaseous oxygen is 
twice that in an equal gaseous volume of water, the mole- 
culai weight of gaseous oxygen is 32, 1 e twice the atomic 
weight of oxygen deduced from the composition of water 
In geneial the Molecular Weight of an element or com- 
pound IS a number equal to thirty-two times the ratio of 
the weight of a gaseous volume of the element or com- 
pound to the weight of an equal volume of oxygen at the 
same temperature and pressure. Obviously, if the mole- 
cular weight be so defined, the Atomic Weight of an 
elenaent is the least weight of it ever found in the mole- 
cular weight of it or of any of its compounds In the 
case of many elements, the molecular weight is not identical 
with the atomic weight, but a simple multiple of it. This 
multiple, known by the term “ Atomicity,” defines the 
number of atoms in the elementary molecule Originally 
this term was applied to the combming capacity of an 
element measured in atoms of hydiogen, but the term 
valency is now used for combinmg capacity, and atomicity 
applied only to the composition of the molecules of elements. 

A definition, common in text-books of chemistry, is that 
the atom or the molecule lepresents the least weight of a 
substance that can take pait m a chemical change This 
definition is untrue for many reasons The “ least weight ” 
must be that of the real atom, which, m the case of hydro- 
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gen, IS so small that about six hundred thousand million 
billions are required to weigh one gram Apart from 
absolute weights, the least weight of an element that can 
be discerned m a chemical change is not necessaiil7 the 
molecular weight or the atomic weight, but usually a 
smaller weight termed the equivalent weight, and equal to 
the atomic weight and molecular weight only m the case 
of the alkah metals, which have invariable unit valency 
The Equivalent Weight of an element or compound is 
defined as a number equal to eight times the ratio of the 
weight of It to the weight of oxygen with which it com- 
bines or which It can displace from combination. As 
the ratio of the weights of hydrogen and oxygen m water 
is one-eighth, one equivalent weight of hydrogen is practi- 
cally equal to unity, hence is deiived an alternative defini- 
tion, that the equivalent weight of a substance is the 
weight that combines with or displaces from combination 
one part by weight of hydrogen. The atomic weight of 
hydrogen being very nearly unity, the equivalent weight 
lepresents the weight that combines with or displaces from 
combination one atom of hydrogen, and the atomic weight 
of oxygen being i 6 the equivalent weight of oxygen is half 
an atom, i.e 8, The equivalent weight of water, HgOj i3 
the half-molecule of weight 9. The equivalent weight of 
orthophosphoric acid, H3PO4, is a thud of the molecule, 
of sulphuric acid, H2S04, a half -molecule, and of hydro- 
chloric acid, HCl, a whole molecule In the case of acids 
the ratio of the molecular weight to the equivalent 
weight IS termed the “ Basicity ” of the acid, mono-basic, 
dibasic, tribasic, and tetrabasic acids containing one, two, 
thiee, and four atoms of hydiogen, respectively, m the 
molecular weight. The equivalent weight of the base 
caustic soda, NaOH, is the whole molecule for it combines 
with one molecule of a monobasic acid, of the base lime, 
CaO, the half-molecule, for it combines with one molecule 
of a dibasic acid, and of the base alumina, Al(0H)5, one- 
third of the molecule, for it combines with one molecule 
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.of a tribasic acid In the case of bases, the ratio of the 
molecular weight to the equivalent weight is termed the 
“ Acidity V’ of the base, and the molecules of mono-acidic, 
di-acidic, tri-acidic, and tetra-acidic bases respectively com- 
bine with one, two, three, and four atoms of hydrogen of 
acids. 

The equivalent weight m the case of an element is not 
necessarily a constant, manganese, for example, formmg at 
least five different compounds with oxygen. The various 
equivalent weights in these oxides range from 27*5 to 7 85 
The oxide with the smallest equivalent dissolves in water 
to foim an acid in which the latio of hydiogen to manganese 
IS I to 55, and as the acid cannot contain less than an atom 
each of hydrogen and manganese, the atomic weight of the 
latter cannot be g) eater than 55 Only a knowledge of 
the molecular weights of all manganese compounds can 
suffice to determine the actual atomic weight The mole- 
culai weights of many compounds cannot be obtained, 
howevei, owing to the impossibility of obtainmg them in 
the gaseous condition 

Investigation of the properties of solutions of substances 
m liquids has disclosed the fact that an internal pressure, 
^ called^ the Osmotic Pressure, is set up in dilute solutions, 
^su 3 r that this pressure is approximately equal to that 
exertable by the same weight of the dissolved substance 
if it existed as a gas and occupied the same volume as 
that of the solution Comparison of the osmotic pres- 
sures of different substances enables relative molecular 
weights to be determined by reference to properties of 
the solutions which are dependent on the magnitudes of 
the osmotic pressures Such properties are lowering of the 
vapour pressure of the sohent, elevation of its boiling point, 
depression of its freezing point, and lowermg of its solu- 
bility for other substances Determinations of molecular 
weights based on the properties of solutions are seldom 
more than approximately exact, but the results usually 
serve to decide which multiple of the equivalent weight is 



32 Chemistry and Atomic Structure 

the true molecular weight, and hence enable atomic weighty 
to be fixed in cases where the vapour density method is 
inapplicable ( 

It has often been stated that atomic weights are matters 
of essentiaUx m’mor importance, and that past generations 
of chemists have wasted incalculably valuable time, energy, 
and still, m the determination of a mere number, a relative 
weight, which, as some modern physicists have declared, is 
not even a characteristic property of any sort of matter 
Such statements can be viewed by chemists only as pathetic 
confessions of ignorance The weight properties of matter 
are in fact ahnost the only properties of matter that have 
enabled the innermost secrets of nature to be unveiled. 
The ratio of atomic weight to equivalent weight is the sole 
determmant of the combining capacity or valency of atoms, 
and the whole of modern knowledge of the complex struc- 
tures of organic and morganic chemistry rests and abides 
in valency Without a knowledge of atomic weights and 
valency the classification of the elements m terms of 
periodic properties is mconceivable, and vrithout the 
periodic classification there could have been no hope of 
the explanation of radioactivity, or of the arrangement of 
numerous electrons into the ordered systems of presen^day 
physical and chemical theories of atomic structure 
The two factors which are stated to render ordinary 
atomic weights unreal, are the existence of Isotopes (iso- 
meric atoms identical in all properties except mass) and 
the circumstance of the variation of all mass with velocity 
Whatever the facts may be as to the existence of isotopes, 
there is no doubt that throughout nature atomic weights 
are constant, and isotopic atoms must therefore be present 
m a constant proportion in any directly weighable amount 
of any element Consequently atomic weights are real if 
only real averages, and their vahdity in chemistry is inde- 
pendent of the existence of isotopes The minute variation 
of mass with velocity is based on known variation with 
velocity in the value of the ratio of electric charge to mass 
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^bviously one of the factors of the ratio must he variable, 
out It IS a mere hypothesis that the vaiiable factor is mass 
— It may in fact be electric charge, and it is certain that 
the differences m the values of the unit electric charge, 
that of the ion or electron, are greater than the possible 
differences due to variation with velocity, so that the 
hypothesis of the constancy of electric ‘charge with variable 
velocity has no evidence to support it, and, it may be 
argued, is not a fundamentally necessary hypothesis for the 
explanation of the variation of the ratio of charge to mass. 
Even should the variation in the charge to mass ratio be 
ultimately demonstrated to be wholly due to variation in 
mass, this variation is practically zero at all velocities much 
less than that of light, and is extraordinarily minute even 
with attainable velocities comparable wnth that of light 
Any possible variations m mass that could occui in any 
chemical reaction, conducted on substances at any practic- 
able velocity, would he fai outside any hope of detection 
by any chemical methods of direct weighing, and conse- 
quently the variation m mass with velocity has no real 
bearing on the chemical validity of atomic weights 



CHAPTER III 


VALENCY ^ 

The mechanism of chemicaj combination is the root 
problem of chemistry, and theories regarding it were pro- 
pounded even prior to the cliemical theory of atoms In 
1787, Morveau suggested that compounds consisted of 
oxygen combined with a base or radical,^ and Lavoisier ® 
regarded all compounds as oxides, and suggested that 
inorganic bodies were oxides of simple substances and 
organic bodies oxides of complexes or radicals Lavoisier’s 
theory was essentially duahstic, for he divided the oxides 
into two contrastmg classes, those that were derived from 
acidic and those from salifiable radicals 01 bases To 
Lavoisier, all radicals were bases, but the term “ bases ” 
was later restricted to the oxides of metals, acid radicals 
being those whose oxides gave rise to acids 

In 1815, Gay-Lussac * showed that cyanogen was a never- 
vaiying constituent group or radical of a series of com- 
pounds, and was chemically equivalent to the simple acidic 
radicals (elements) 

In 1820, Dalton discovered a hydrocarbon in oil-gas 
having the same composition as ethylene, and it was later 
suggested that it consisted of two ethylene particles ^ -'Th^ 
composition of this hydrocarbon, now known as butyleiK^ 
was confirmed by Faraday m 1825,* who showed that its 
vapour density was twice that of ethylene, and at the same 
time announced the discovery of another hydrocarbon, 
benzene Faraday called attention to a number of existing 
cases of substances having the same composition but 
different properties, and cited Liebig’s discovery of 1823 
that the latter ’s silver fulminate and Wohler’s silver cyanate 
had the same composition,® and Gay-Lussac’s suggestion 

* Lavoisier, Morveau, and Fourcroy, Mithode de Nomenclature, 1787 

* Tratti elimentme de Cbimte, 1789 and 1793 ■ 

8 Ann Cbm Pbys , 1815, [i], 95 , 136 

* Phi Trans Ray Soe , 1825, 451 

® Liebig, IStlberCs Ann,, 1823, 75 , 393 , Ann Cbm Fhys , 1823, [2], 24 , 294, 
and Gay-Lussac and Liebig, rbtd,, 1824, [2], 26 , 285 
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p^at the difFeience in properties of substances with the 
same composition must be due to differences m the arrange- 
ments of the same atoms 

Wohler’s discovery m 1828^ that the salt, ammonium 
cyanate, is converted, by simply heating in aqueous solu- 
tion, into the organic substance, urea, having the same 
qualitative and quantitative composition, lent additional 
weight to Gay-Lussac’s suggestion In 1831, Berzelius* 
showed that racemic acid, discovered in “ tartar ” (wme- 
lees residues) by Gay-Lussac, was identical in chemical 
composition and many chemical properties with ordinary 
tartaric acid, but differed from it m solubihty and in tlie 
crystalline form of its salts To express this difference m pro- 
perties of substances with identical composition, Berzelius 
proposed the term “Isomerism.” He further indicated 
that Mitscherlich’s law of isomorphism must be amended 
in -a new direction, in that the same atoms may be arranged 
in chemically very similar substances so as to produce 
different crystallme forms. The demonstiation of the 
existence of isomeric bodies involved the recognition of the 
fact that the atoms in a compound were 7 tot combined 
together “ each to all and all to each,’’ but that specific 
s^tgjas^tist be differently combined together. From this 
^li^ chemistry acquired a new outloolc, and the important 
problem of the science, became the determination of the 
details of the combination between atoms. In the subse- 
quent theories of radicals, nuclei, substitutions, and types, 
chemical conceptions of the molecule with definite struc- 
ture and of the atom with dehmited and directional com- 
bining capacity slowly clarified and finally crystallised into 
the modern theories of molecular structure and atomic 
valency. 

In 1827, Dumas and Boullay® propounded the theory 
that ether and the simple derivatives of ethylene all 

^ Fogg. Ann , i 8 a 8 , 13 , 258 
Jahrcsber , 1S32, 11, 44, and 12, 63 

’ Ann Cbm Phys,, 1828, [2], 86, 294, and 1828, [a], 87 , 15 
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contained the ethjlene group, C^Hg, for which Berzelmg, 
proposed the name etherin Liebig, however, adopting tJie 
duahstic view, regarded ether as the oxide of the radical, 
C4H10, whicli he called etheryl or ethy^l In 1832, Wohlei 
and Liebig^ published their researches on the “ Radical of 
Benzoic Acid,’’ and described a senes of closely related, 
interconvertible compounds all containing the ladical 
benzoyl 

In 1834, Dumas, as the result of his researches on the 
action of chlorine on alcohol,^ put forward his “ Substitu- 
tion Theory,’* m which he postulated that hydrogen m 
organic compounds could be replaced atom for atom by 
chlorine, bromme, and iodine, and the equivalent of 
oxygen, without very material alteration in the nature of 
the resultant products This theory was expanded bv 
Laurent* into the “Nucleus Theory,” in which the 
carbon atoms in compounds were regarded as forming an 
invariable nucleus of definite shape, the various atoms romid 
the nucleus being substitutable, equivalent for equivalent, 
without material change in nature of the compounds. 

In 1837, Liebig,* and Dumas and Liebig,® put forward 
their “Theory of Radicals,” now called the “Older 
Theory of Radicals,” m which complex groups of atoms or/ 
radicals were assumed to exist in organic compounds, ari3‘ 
to be transferable unchanged from compound to compound 
like the elemental y atoms of inorganic compounds Ger- 
hardt, however, rejected the theory of unchangeable 
radicals and proposed a ‘ ‘ Theory of Residues ” ® m which 
he regarded an organic molecule as a single structure, not 
a binary system of radicals To Gerhardt, radicals were 
merely the portions, residues, that took no part in a parti- 
cular chemical leaction, and appeared as independent 

1 Ann , 1832, 3 , *49 

“ Ann Chvm Phys , 1834, W, 66, 113 and 140 

^Ibtd, 1835, [a], 00, azo, 1836, [a], 61 , laj, and 68, ay, 42, 207, 
and 377 

* Ann , 1838, 26 , 3 

' Comp rend, 1837, 5 , 567, andy frakt Chem , 1838, 14 , 298 

“ Ann Cbm Pbys,, 1839, [* 1 » 72 , 184 



37 


’ Valency 

l^rtions of molec-ules only when displaced in a leaction by 
combination between the leacting portions of molecules, 
such lesidues or unieactive lemnants then joining togethei 
to foim a copulated or conjugated compound. 

In 1840, Dumas mcorpoiated his theories of ladicals and 
substitutions, together with portions of Laurent’s nucleus 
theory and Geihardt’s theory of residues, mto a compre- 
hensive ‘ ‘ Theory of Types ’ ’ ^ now referred to as tlie 
“ Older Theory of Types.” Dumas legarded substances, 
with similar properties and analogous composition, as 
belonging to one chemical type, for example, acetic acid 
and trichloracetic acid , and substances, with different 
piopeities but simply deiivable fiom one anothei, as 
belonging to the same mechanical or moleculai type, for 
example, alcohol and acetic acid He specially emphasised 
the importance of the arrangements of atoms and 
ladicals m the molecule as determmants of chemical 
properties 

Berzelius, reahsmg the incompatibihty of his duahstic 
theory of electro-chemical combination * with the substi- 
tution theory, attempted to explain the facts of equivalent 
substitution by postulating imaginary radicals, trichlor- 
^cetig.^cid, for example, being regarded as a copulated 
impound of carbon chloride, CaClg, and the carbon oxide, 
C2O3 (oxalic acid), together with water This explanation 
broke down when it was shown that on reduction trichlor- 
acetic acid yielded only hydrochloric and acetic acids and 
no oxalic acid, and, though Berzelius was unconvmced and 
continued to oppose the type theory till his death m 1848, 
his duahstic theory, once the most important and widely 
accepted in Europe, was almost completely abandoned by 
1840 

In 1808, Thomson (T ) had shown that oxahe acid com- 
bined with both potash and strontia to yield two series of 
compounds in which one contained twice as much of the 

1 Am Chm Phys , 1840, [2], 78 , 73, 113, and 74 , 5 
* See Chap IV, p. 48 
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bases as tbe othei,^ and m the same yeai Wollaston ® showed 
that carbonic and sulphuric acids had saturatmg capacities 
for bases similar to oxalic acid In 1833, Graham ® proved 
that phosphorjc acid, PO5, unites with one, two, or three 
equivalents of water, OH, to form separate acids, HPOo, 
H^PO,, and HsPOa, (HPO3, H.P^O,, and H3PO,, m 
modern formulae), characterised by their abihty to combme 
with one, two, oi three equivalents, respectively, of bases 
It followed, consequently, that equal numbers of molecules 
of acids (acidic oxides) and bases (basic oxides) did not 
necessarily neutrahse one another This controverted the 
rule set up by Beizelius that the molecular weight of an 
acid was equal to the relative weight lequiied to neutralise 
the equivalent weight of a base. In 1838, Liebig published 
his “ Theory of Polybasic Acids and showed clearly 
that, before the molecular weight of an acid could be 
determined, it was necessary to know its saturation 
capacity for bases, 1 e its basicity Liebig’s interpretation 
that acids are salts of hydrogen (based on an earlier sugges- 
tion of Davy, who argued that hydrochloric acid was an 
acid though it contained no oxygen), involved that the 
hydrogen atoms, in a radical combmed with oxygen, were 
differentiable mto two classes accordmg as the hydrogen 
atoms were or were not replaceable by metals to give salts, 
thus elucidating part of tlie structure of caib on-hydrogen 
radicals Gerhardt incorporated Liebig’s theory of basicity 
into his “ Theory of Residues ” (see p 36) and showed that 
the basicity of a copulated 01 conjugated compound was 
always one less than that of its constituents, M0«-basic 
benzene, for example, and filzbasic sulphuric acid foimmg 
monobasic benzene sulphonic acid 
In 1844, Mitscherlich showed that, though solutions of 
salts of ordinary tartaric acid rotated the plane of polarisa- 
tion of light whereas those of lacemic or paratartanc acid 

^ Thomson, Pbtl Tram Roy, Soc , iSoS, 98 , 63 

« / M , 98, 96 

» Ihd , 1833, 123 , 253 i 

* Ann , 1838, 26 , 1 13 
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were optically inactive, yet the salts cxliibited the same 
crj'Stalline form Pastern, m 1848, howevei, found on 
further examination, that crystals of salts of racemic aud 
were not truly uniform but were composed of two sorts, 
one identical in all chemical and optical properties with the 
salts of ordinary taitaric acid, the other bcmg also identical 
except that solutions rotated the plane of polarisation of 
light in the reverse direction This opposition in the 
optical properties was shotvn to be parallel with the develop- 
ment on one of the sorts of ciystals of small facets (hemi- 
hedial facets) related to the corresponding facets on the 
otliei sort as object to non-superposable miiroi -image ^ 
This discovery led later to the theory of the teUahedral 
carbon atom and the asymmetiy of organic molecules, and, 
in the hands of Weiner, led to the brilhant elucidation of 
the constitution of complex inorganic molecules, and, 
inferentially, to a decisive knowledge of the exterior struc- 
ture of the atoms of many elements 
In 1849, Wurtz discovered the organic amines or substi- 
tuted ammonias,® and proposed that these bodies all be 
referred to the general type, ammonia, NH3, by replace- 
ment of one or more hydrogen atoms by radicals Wurtz’s 
suggestion of the ammonia type was adopted by Plofmann,® 
who had prepared a similar series of substituted ammonias 
In 1850, Williamson, as a result of his researches on 
“ Ethenfication,’ ^ suggested that all compounds could 
be referred to the water ,type, H^O, or to the type of 
condensed molecules of water (HaO)^ 

In 1851, Kolbe put forward his “ New Theory of 
Radicals,” supported by his work on the free radicals 
obtamed by the electrolysis of organic acids, and by Ins 
joint researches with Fiankland on the organometaUic 
bodies, which contained readily identifiable hydrocarbon 

’ Conipt rend , 1848, 20 , 535, and 27 , 101 , and 1849, 28 , a*3 
Ihd , 1849, 28 , 223, 3nd Ann Chm Phys , 1850, [3], 30 , 498 
3 Ann , 1850, 73 , gr, 74 , 174, and 1851, 79 , 16 

1 Bnt Assoc Rep , 1850, 2 , 65 , Pbd Mag , 1850, 37 , 350 , Pioc Roy Instn , 
1851-1854, 1 , 90, and 239 , jf Cbem. Soc , 1852, 4 , 229, 239, and 350 
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radicals directly combined with, metals. Kolbe and Frank- 
land regarded numerous oigamc substances simply as 
derivatives of inorganic substances, from which they could 
often be obtained by simple substitution processes, and 
suggested that 'all organic bodies could be regarded as 
derived from carbonic acid ’■ 

In 1852, Frankland (E) published his classical research 
on A New Senes of Organic Compounds containing Metals f 
and showed that the power of metals to combine was 
reduced by copulation with organic radicals in organo- 
metallic compounds, in the same way that acids are reduced in 
basicity by copulation (Gerhardt’s Them y of Residues, p 3 8) 
This reduction m power of combmation on copulation was 
shown by Frankland to vary duectly with the numbei of 
radicals copulated to the metallic atom m the same way 
and to the same extent as paitial combmation with oxygen 
reduced the power of combination with other atoms, and 
he therefore legaided combination with radicals as bemg 
in no way diffeient from ordinary morganic combination 
The views put forward by Frankland as to the definite 
combmmg power of mdividual atoms constituted the first 
direct explanation of Dalton’s law of simple multiple pro- 
portions and Liebig’s and Geihardt’s rules as to the basicity 
of acids and radicals, and represent the first definite steps 
towards the estabhshment of the theory of Valency Tjhe 
fact that Franldand regarded the oxygen atom, m Gmelin’s 
notation, as equivalent to an atom of hydrogen, in no way 
detracts from his recognition of the definite combmmg 
capacity of atoms or valency The prevailing confusion in 
atomic weights, however, obscured tire importance of his 
contribution to chemical theory Nevertheless, his method 
of formulation of combmmg capacity is not merely strictly 
admissible but necessary, for valency is determmable not m 
terms of any atoms but in terms of the equivalents of atoms, 

1 Veher die chemuche KemMtitmi md Natiir der organischtn Radikale, 1851 , 
Am , 1849, 69 , *57, 71 , 171 , 1850, 76 , ati , 76 , i , 1857, 101 , *57 , and i860, 
113 , *93 

“ Fbtl Trans Roy Soc , 185*, 142 , 417. 
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I c in terms of hydiogen atoms with unit combining 
capacity. 

In 1853, Geihardt put foiward his “ Theory of Simple 
Types ” ^ in which he included Wurti;’s ammonia type and 
Williamson’s water type in a scheme of formulation of 
organic compounds, such that all were regaided as derived 
from the four simple morganic types, hydrogen, Hj, hydro- 
chloric acid, HCl, water, HjO, and ammonia, NH3 He 
fuithei classified radicals, according to their “ atomicity,” 
or their capability of replacing one, two, or three atoms of 
hydrogen in the type fiom which their compounds were 
derived Wurtz® similarly classified radicals according to 
their “ basicity,” or capacity to replace hydrogen atoms in 
compounds. In the same year Odling introduced the 
system of placing dashes as an index to the atom symbol to 
convey the numerical value of the element in lepkcmg 
hydrogen atoms, and indicated his agreement with Frank- 
land as to the definite but, within hmits, variable combining 
capacity of some elements ® 

In 1857, Kekule proposed the addition of a new type, 
methane, CH4, to Gerhaidt’s types, and suggested that the 
HCl type was redundant, being a variant of the H2 type * 
Kekule clearly recognised that the carbon atom was equi- 
valent to four hydrogen atoms, tlius clarifying Kolbe’s 
suggestion that all organic compounds could be regarded 
as derived from carbonic acid, CO2 He further showed 
that Gerhaidt’s residues were radicals unattacked in 
chemical reactions, and elaborated Gerhaidt’s suggestion 
of mixed types, 1 e compounds deiivcd from more 
than one fundamehtal type according to the atom selected 
as the type nucleus 

In 1858, Cannizzaro published his celebiated Sketch of a 
Course of Chemcal Philosophy,^ by which he not merely 

1 Traitide Cbimfe Orgamqne, Pans, 1853, 1, *3*1 IV, 589 and 600 
^ Tlje Atomic Theory, 1855, p 200 
3 y Chem Sac, 1855, 7, i 
* Ann , 1857, 101, 200 , 104, 129, and 133 
“ Jl Nuavo Cmento, 1838, 7, 321 
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established Avogadro’s hypothesis and the real distinction 
between equivalent, atomic, and molecular weights, but 
demonstrated the existence of “ polyatomic radicals 
among the simple atoms, thus extendmg Gerhardt’s con- 
ception of atomicity ” or saturation capacity from 
organic to morganic chemistry He showed that hydrogen, 
potassium, sodium, hthium, silver, cuprous, and mercurous 
atoms were “ monoatomic ” (univalent) electro-positive 
radicals, that the halogen elements, chlorme, bromine, and 
iodine, were monoatomic electro-negative radicals, that 
zmc, lead, magnesium, calcium, etc , were “ diatomic ” 
(bivalent) electro-positive radicals, and oxygen, sulphur, 
selenium, and telluiium were diatomic electro-negative 
radicals, and, further, that atoms existed that were 
equivalent to three or moie atoms of hydrogen orv 
chlorine. 

In the same year, Kekule brought forward, probably 
independently, a theory of “ polyatoniicity,” ^ practically 
identical with that of Cannizzaro, though there is little 
doubt that Cannizzaro’s views had been developed and 
imparted to his students many years before Kekule’s ideas 
had crystalhsed, as is evident from Kekule’s ambiguous 
paper on the methane type of the previous year Kekule 
disagreed with Frankland’s views as to variable “ atomicity,” 
and held that the combmmg capacity of an element was a 
fixed property of the atom, as exemphfied by the constant 
“ atomicity ” of carbon m organic compounds Both views 
were right, for it is now clearly recognised that some ele- 
ments have"fixed and some elements variable “ atomicity ” 
or valency. 

Almost simultaneously with the pubhcation of Kekule’s 
theory of “ polyatomicity,” Couper ® pubhshed a paper in 
which he deduced formulae for compounds based on what 
he called the “ elective afiinities ” and the “ affinity of 
degree ” of atoms, identical with Cannizzaro’s and Kekule’s 
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“ atomicity ” (valency) Both Coupei and Kekule recog- 
nised that m organic compounds the carbon atoms must be 
regarded as combining among themselves so that only part 
of tlieu affinity or combining capacity was available for 
binding other atoms. Couper, to symbolise tire combina- 
tion between atoms, introduced the method of joining the 
atom symbols by means of hyphens or dots, and this method 
was amplified by Crum Biown,^ who le-mtioduced Dalton’s 
system of enclosing the symbol m a circle, Couper’s hyphens 
becommg radiating lines equal in number to the combming 
capacity. Frankland, in 1866, by omitting Crum Brown’s 
circles, steieotyped the method of formulation now 111 use ® 
and intioduced the teim “ bond ” to signify the unit of 
valency 

Gerhardt had laid it down in his Tiaite de Chimte 
Organique, Pans, 1853, IV, 561, that “if ts a widely 
pievalent erior to suppose the possibility of repusenting 
moleculai constitution by means of chemical formulce, or 
in other words by the actual anangement of atoms ” 

The polyatomicity and elective affinity theories of 
Kekule and Couper had, however, no other aim than the 
dctermmation of atomic arrangements. Definiteness was 
lent to this aim by Butleroff’s pronouncement m 1861 ® 
that the chemical nature of a compound was determined 
firstly by its qualitative and quantitative composition, and 
secondly by its chemical “ stiucture,” by which he meant 
the mode of mutual linking of the atoms m the molecule. 
Practically the whole of research m organic chemistry smce 
that date has been devoted to the determination of the 
structural or constitutional formulae of compodnds, by 
means of which we are to-day enabled to elucidate the 
nature of the mechanism of atomic hnkages and the super- 
ficial structuie of atoms. 

In 1863, Erlenmeyer ^ suggested that the term “ basicity ” 
ly Cbem Soc 1 1865, * 3 °* 

‘^Lecture Notes Jor Cbemtcal Students, 1866 
^ ZeU Cbem , 1861, 4 , 549 
Ibtd , 1863, 6, 65, 97, and 609 
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be leserved foi the combining capacity of acids, instead of 
for both atoms and acids, and proposed the terms ein~, 
zwei-, dtei-^ and viei-werthig worth), to expiess the 
numeiical value of atomic combining capacity In 1864, 
Odling suggested the terms monad, dyad, triad, tetrad, etc.,^ 
and these terms aie still m occasional use Hofmann’s 
book, Introduction to Modem Chemistry, published in 
London m 1865, contiibuted gieatly to the clarification of 
ideas concernmg combining capacity, and he proposed for 
It the term “ quantivalence,’^ to indicate its dependence on 
equivalent weights and its numerical value This term 
was shoitened to "valency” (01 “valence”) by Wichel- 
luus m 1868/ and this teim is now in almost universal use 
Confusion, however, continues to exist as to the precise 
prefixes to be used in connexion with valency, both Cieek 
and Latm piefixes being used by different wiiteis As, 
howevei, valency is definitely of Latm origin (valens = 
strong, it is more consistent nomenclatuie to use the Latm 
prefixes, and, histoiically, more accurate, foi Hofmann used 
qu antivalency not ^‘polyvalency,'^ when the term 

origmated The terms uni-, hi-, quadn-, quinque-, 
sexa-, and septavalent are, therefoie, to be preferred to 
mono-, di~, tetta-, penta-, hexa-, and heptavalent, the 
prefixes tn- and octa- being the same in both Latin and 
Greek 

■'"In modem terms Valency is defined as the definite 
limited capacity possessed by an atom for combining with 
other atoms measured numerically in hydrogen atoms or 
equivalent atoms or radicals v It is usual to lesei-ve the 
teim “ valency ” to designate the whole combining capacity 
of an atom, and to use the teim “ valence ” to specify 
paiticular parts of valency, it bemg thus synonymous with 
the chemist’s use of the term “ bond ” or “ linkage ” The 
“ valency ” of caibon, for example, isfoui, but two only of 
the four “ valences ” are apparent in carbon monoxide 

^ Wat^t Dtct%onary, London, 1864 

* Am Supp , 1868, 6, 257 
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Precision has been lent to this distinction between valency 
and valences by the modern numerical identification of 
valences with elections, valency thus being the number of 
electrons available or required for combination prior to 
the fact of combination , and the valences being the indi- 
vidual electrons that actually take part in the com- 
bination Foi example, hydrogen is univalent, having 
only one or requiring another electron, but in the molecule 
of hydrogen two valences exist between the two atoms, 
owing to the utilisation of both electrons in the com- 
bination 

A usual definition o f vale ncy is that it isjhe latio between 
the atomic and eq^uwalent ■weights of an atpm It has been 
indicated tliat m complex hydrocarbons, this ratio has not 
an integral value, the equivalent weight of carbon, foi 
example, in hexane, CaHn, being 54^, thus involving a 
valency of 12 — = 2J atoms of hydrogen It is obvious, 

m fact, that equivalent weights must vary continuously 
from compound to compound in cases where several similar 
atoms aie combined with each other, their valency, conse- 
quently, is not determinable by atoms of other elements 
The extent to which the valency of an element is to be 
regarded as due to combmation with other atoms of the 
same element, may usually be deduced from synthetic 01 
analytical reactions Ethane, for example, can be synthe- 
sised from two molecules of methyl chloride and two 
atoms of sodium, two molecules of salt being the bye- 
product 

CH3CI -f 2Na -b CH3CI = C3H0 -f 2NaCl 
If the valency of carbon in methyl chloride is foui, due to 
combination with thiee atoms of hydrogen and one of 
chlormc, the valency of carbon in ethane may still be 
regarded as four by the replacement of a chlorine valence 
by one valence of another carbon atom, the structure of 
ethane thus bemg HgC- CH3 Similar considerations lead 
to the formula HgC = CHg for ethylene and HC = CH 
for acetylene. This conception of smgle, double, and treble 
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bonds, and the constant quadnDalency of carbon, led immedi- 
ately after 1858 to a remarkably rapid development m 
the theory of the spatial structure of organic molecules, 
and later to demonstration of the tetrahedral distri- 
bution in space of the valences of the atoms of carbon, 
nitrogen^, sulphur", selenium®, tin**, silicon®, phosphoi us®, 
and arsenic'^. 


1 Le Bel, Compt rend, 1891, 112 , 7*4, Pope and Peachey, y Chtm Soc , 
1899, 76 , IIZ7 

^ Pope and Peachey, tiid , 1900, 77 , loyi, Smiles, thd , 1900, 77 , 1174 
® Pope and Neville, rhd , 1902, 81 , 155*. 

* Pope and Peachey, Proc Qhtm, Soc , 1900, 16 , 42 and 116 
» Kipping, y Cbem Soc , 1907, 91 , 209 and 717, , 1908, 98 , 457 
< Meisenheiiaer and Lichtenstadt, Ber , 1911, 44 , 356, Kipping and 
Challenger, y Cbem. Soc,, 1911, 99 , 626 
’ Burrows and Turner, titd, 1921, 119 , 426 
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ELECTRO-CHEMISTRY 

In 1789, Troostwyk, Deiman, and Cuthbertson, on passing 
poweiful electrostatic charges of electricity through water, 
iscovered that gas was produced which re-formed water 
on being sparlcedd Pearson and Cuthbertson, who repeated 
the expeiiment in 1797, showed that the gas pioduced was 
a mixture of hydrogen and oxygen in tlie proportions in 
which the gases were assumed to combme to form water * 
Nicholson (W ) and Carhsle, by coUectmg the gas formed 
at each electrode, showed tliat hydrogen was evolved at one 
electrode and oxygen at the other.® Ritter, who had for 
some years been working on tlie chemical decompositions 
produced by electricity, in the same year, independently 
obtamed the same results as Nicholson and Carlisle, and 
came to the conclusion that water united with negative 
electricity to form oxygen and with positive electricity to 
form hydrogen, and that electricity took part m aU chemical 
combinations and decompositions * 

It had been a common observation that both acids and 
alkalis as well as oxygen and hydrogen are produced in the 
electrolysis of water, and in 1806 Davy proved that the 
acids and alkalis were derived from impurities in the water.® 
In 1803, Beizelius and Hisinger showed that neutral salts 
in solution in water could be decomposed into acids and 
alkahs by electrolysis, and in 1807 Davy effected his memor- 
able electrolytic isolation of the alkali metals, potassium and 
sodium, from fused caustic potash and caustic soda On 
this foundation Davy erected his- electrical theory of 
chemical affinity,® in which he assumed that bases (metals) 
are attracted by negative and oxygen by positive electricity 
Davy so far developed his electrochemical theory as to 

1 Jount Fhys , Not , 1879 

2 PM, Trans Roy Soc , 1797, 14a 
a Ntcholson's Jonrn , i8oo, 4 , 179. 

* Fotgt’s Mag , 1800, 2 , 356, and Gilbert’s Ann,, 1801, 9 , *84, and 1802, 10 , 282 
PbA. Trans, Roy Soc , 1807, 1 
« Ibtd , i8o8, I, and 333 
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regard all chemical combinations as due to manifestations 
of clectiicity between particles, ordinary electrical effects 
being rcgaided as the sum of the ‘‘ particular ” effects 
spread over large masses 

Between 1809 and 1811, Avogadro advanced an electro- 
chemical theory similar to Davy’s, and arianged substances 
in a series in the order m which they play the part of acid 
or allcah towards one another, and showed that this series 
is the same as that m which they are arranged according to 
their development of positive or negative electricity on 
mutual contact He regarded oxygen as being the most 
electro-negative substance, and ranked other substances 
according to then “ oxygenicity ” or tendency to play the 
part of an acid, substances thus ranging fiom strongly 
acidic thiough neutral to stronglj' alkahne ^ 

In 1812, Berzehul put forward an electiical theory of 
chemical combination, known as the ‘ ‘ Duahstic Theory',-' ’ 
which dominated the field of chemistry for over quarter of 
a century® Like Davy and Avogadro, Berzelius regarded 
oxygen as the most electronegative element, but he further 
assumed' that every atom Jiad^two electrical pojies, one 
positive and one negative, usually of unequal strength, the 
atom thus having a predominating polarity. Chemical 
combination of the first order was that between elementary 
atoms by a complete or partial neutralisation of opposite 
electricities, whereas combination of the second order was 
that between two particles of the first order having un- 
neutrahsed residues of opposite electricities Baiyta, BaO, 
for example, was regarded as possessing a residual positive 
electrification, and sulphuric acid (anhydride), SO3, a 
residual negative electrification, combination between them 
resulting m completely neutral “ heavy spar ” (barium 
sulphate), BaSO^ or BaO SO3. 

Faraday’s work on the laws of electrolysis in 1838 

1 Jomn Pbys , 1809, 68, i+z , t8io, 69, t , and 181 1, 78, 58 

“ Schtoetgger’s Jotirn,, i8ia, 6, 119 , Esiay upiin the Theory of Chemical Pro- 
poritons and the Chemical Action of Electricity, Stockholm, 1814, Treatise upon 
Chemistry, 1817. 
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disclosed that the chemical equivalents of elements aie 
associated with equal quantities of electiicity, thus definitely 
controverting Berzelius’ assumption of unequal chaigcs. 
Dumas’ proof m 1834 that electronegative chlorine could 
replace electropositive hydiogen, equivalent foi equivalent, 
without material change in chemical properties, extended 
the inapplicability of the duahstic theory from inorganic to 
organic chemistry, and within a few years the duahstic 
theory was abandoned by all but its authoi, to be revived 
nearly half a century later, in a special form 111 application 
to ionic dissociation of salts m solutions, by another Swede, 
Arihenius 

To explain the formation of hydrogen 01 alkah or 
deposition of metals at one electiode and of acid or oxy- 
genous substances at the other electrode m electrolysis, 
Giotthus in 1806 suggested that the particles m solution 
acted as small dipolai magnets and arranged themselves 
into chams extendmg fiom electrode to electrode, the 
tei mural polar parts of opposrte sign bemg spht off under 
the attractron of the oppositely charged electrodes ^ 
Subsequent work has proved that infinitesimal amounts 
of electricity suffice to make evident the decompositions 
associated with electrolysis, and modern theories mvolve 
that the electrolyte is dissociated into polar parts in the act 
of solution and in the absence of an electric current, and 
Grotthus’ Hypothesis, that the current causes the dissoci- 
ation, thus appears to have no foundation The modern 
theories are essentially a return to Davy’s explanation of 
1806 that chemical attraction between the particles of a 
substance is destroyed by impaitmg electric charges, and 
conversely that the particles are charged before decomposi- 
tion by electrolysis 

In 1833 and 1834, Faiaday investigated the quantities of 
tlie products of electrolytic decomposition produced by 
equal quantities of electricity, and discovered the two Laws 
of Electrolysis, that the amount of decomposition of a 
^ Ann, Chm, Phys , 1806, [i], 58, 64, and 1807, [i], 68, zo 
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given electrolyte is proportional to the quantity of elec- 
tricity which flows through it, and that the quantities of’ 
different substances liberated by the same quantity of 
electricity are in the ratio of their chemical equivalents ^ 
Faiaday assumed that the pioducts of electrolysis could 
not appear at the electrodes without motion of parts of 
the electrolyte molecules fiom end to end of the liquid, 
and pioposed tlie teim “ions” (Gieek = “ ”), 

“ anions ” (Greek = “ upgoeis ”), and “ cations ” (Greek 
= “ downgoers ”), the anions being those atoms or groups 
of atoms tianspoited to tlie “anode” (Greek = “ wp- 
path ”) or positive electiode, and the cations those trans- 
ported to the “cathode” (Gi&t]ii= “ downpath ”) or 
negative electiode, anwns thus carrying negative and cations 
positive charges He further suggested that the equivalent 
weights of substances were simply tliose quantities that 
contained equal quantities of electricity, and that the 
quantities of electricity carried determined the equivalent 
number and the chemical combining force Though 
Faraday failed to discern the different valencies of atoms 
and the “ atomic ” nature of electricity, his theory of 
chemical combmation, as due quantitatively to electiical 
forces, is the basis of all modern theories of chemical 
combination and atomic structure. 

In 1849, Weber put forward a theory of electricity 
anticipating, by over half a century, a great pait of recent 
theories of the structure of mattei and the nature of 
electricity® Webei regaided an electric cuirent, not as a 
continuous movement of electricity, but as a movement of 
electrostatic charges, and assumed the existence of positive 
and negative “ atoms of electricity f and suggested that they 
must possess electromagnetic mass in virtue of their velocity. 
He further assumed that only the negative atoms of elec- 
tricity were associated with material atoms, the positive 

1 Fhd Trans Roy Sac , 1833, 128 , 23 , 1834, 124 , 77 , and Expmmental 
Researches in Electricity, London, 1839, 17 i° 7 , 19S) ^iS, 230, and 821 

® Leipzig Tram , 1849, 1 > 1857, 2 ^° > ) 1856, 99 , 10 and 

If irke, 4 , p 278 
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atoms of clcctiicity being devoid of weight and 1 evolving 
lound the massive negative atom Intei changing the 
electrical signs, Weber’s theoiy of the atom is practically 
identical with the Thomson-Rutherfoid-Bohr theory of the 
present day 

In 1850, Williamson ^ advanced a theory of the constitu- 
tion of molecules and the mechanism of “ double-decom- 
positions^'' piactically identical with modern views as to 
mass action and ionic dissociation m solutions. He 
legarded hydiochloric acid, for example, not as immutable 
molecules of HCl but as undei going a continuous process 
of decomposition and recombination, “ each atom of 
hydiogen constantly changing places zoith other atoms of 
hydiogen, or, what is the same thing, changing chloitne ” He 
further legaidcd the theory of static atoms as unsafe and 
unjustifiable, and stated that “ the dynamics of ihemistry 
will commence by the lejeciion of this supposition, and will 
study the degree and kind of motion which atoms possess, and 
1 educe to this one fact the various phenomena of change"^ 
His statement “ that metallic zinc is contained in its sulphate 
IS only strictly true by abstraction from most of the propel ties 
of the metal ‘The material atom, which under cei tain circum- 
stances possesses the properties which we describe by the word 
‘ zinc,' IS no doubt contained in the sulphate, but with different 
properties," is prophetic in view of the modern theory that 
the sulphate group contains two elections abstracted from 
the atom of metallic zinc, thus convertmg the latter into a 
doubly-charged atomic ion having few of tlie propeities of 
the original atom except weight 

In order to explain the fact of the small electric foices 
necessary for electrolytic decompositions, Clausius, in 1857, 
suggested that some of the molecules of the electrolyte aie 
spht up into 10ns in the act of dissolvmg, the phenomena 
of ionisation thus bemg strictly mdependent of electrolysis 
He was unable to assign any definite value to the extent of 
See Chap HI, p 39 
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ionisation, but assumed that it was infinitesimal, and that 
the ions, removed by discharge at the electiodes during 
electrolysis, were progiessively replaced by further ionisa- 
tion of the electiolyte ^ 

Clerk Maxwell, m explaining the process of electrolysis, 
suggested in 1873 that each molecule, theiefore, on being 
liberated fi oni the state of combination, parts mth a charge 

whose magnitude is ^ ” (N = number of molecules in the 

electrochemical equivalent), “ and is positive for the cation 
and negative for the anion This definite quantity of elec- 
tncity we shall call the molecular chatge If it weie known 
It would be the most natwal unit of electricity He 
regarded the constant molecular charge or “ molecule of 
electiuity^’ merely as a convenient hypothesis for the 
explanation of electrolysis, and rejected it entirely in 
developing Ins “ Electromagnetic Theory of Light ” 

In 1874, Johnstone Stoney pioposed a system of funda- 
mental units of nature, the natural unit of quantity of ' 
electricity being that associated with the electrochemical 
equivalent in electrolysis He stated, “ For each chemical 
bond ruptured in electrolysis a ceitain quantity of electricity 
traverses the electrolyte, which is the same in all cases ' For 
this constant quantity of electricity he proposed the name 
“ electi me,” ^ 01 electromagnetic unit of quantity This 
name, m 1891, he altered to “electron”^ m a paper 
suggesting the physical characteristics of the orbits of the 
electrical particles giving rise to the hght radiation causing 
the sharp hnes in optical spectra 

Apparently unaware of the suggestions of Clerk Maxwell 
and Johnstone Stoney, Helmholtz, in his Faiaday Lecture 
to the Chemical Society m 1881, put forward a similar 
explanation of Faraday’s laws of electrolysis. He legarded 

1 ClauBius, Pogg Ann , 1857, 101 , 388, and 347. 

^ Electrtetty and Magnetism, ist id 1873, 3rd Ed, 1892, p 379. 

^ Brit Assoc Rep, 1874, Sect, A, 2.3, reprmted, Phil Mag., 1881, [5], 11 , 

381 

* Scient Proc Roy Dublin Sop , 1891, 583 
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the chemical equivalent of each ion in an electrolyte as 
being united to an electuc equivalent 01 atom of electricity, 
and suggested “ that each unit of affinity that an atom can he 
said to fossess represents a charge that may be termed one 
atom of electricity f thus identifying valency with units of 
electiical charged 

The answer to Clausius’ problem, as to the extent of 
ionisation of salts in solution, was suggested in 1884 by 
Arrhenius,^ who regarded electrolytes as being largely 
ionised m the act of dissolving, and as becoming more and' 
more completely ionised with mcreasing dilution of the 
solution 

In 1885, van’t Hoff put forwaid a Icmctic theory of 
osmotic pi assure based on the analogy between the process 
of vaporisation and the process of solution ® He showed 
that the analogy between solutions and gases is complete 
on the assumption that the molecules of the solute exert 
the same (osmotic) pressure as they would as a gas occupying 
the same volume as the solvent This kinetic theory of 
osmotic pressure has enabled determinations of molecular 
weights to be made in the case of non-vaponsable sub- 
stances, by reference to deviations (from the normal con- 
stants of pure solvents) m vapour pressure, boilmg and 
freezing points of solutions, and solubihty of solutions for 
otlier substances, these deviations being simple functions of 
the osmotic pressure 

In the case of electrolytes, the osmotic pressures are 
found uniformly to be abnormally high, and Arrhenius, by 
the application of his theory of ionisation, was able to show 
that the abnormality was due to the splitting of the electro- 
lyte into ions, each ion contributing to the osmotic pressure 
an amount equal to that due to a non-ionised molecule^ 

Cbm, Soc , 1881, 89 , 303 

“ Researches on the Conditctmly of Electrolytes, Stockholm, 1884, Brtt Assoc 
Rep, 1886, 357 

“ K Svenska Vet -Akad Uandl , 1885, 21 , 38 , Arch Neerl , 1886, 20 , 239 , 
ind Zett pbys Cbem , 1887, 1 , 481 

* Zett pbys Cbem , 1887, 1 , 631 
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As deteimmations of the degree of ionisation can be made 
on the assumption that the numbei of ions is propoitional 
to the electrical conductivity of the solution, the moleculai 
weights of ioni^ble substances can be determined by means 
of the conjoint hypotheses of van’t Hoff and Arihenms. 
In the hands of Weiner and others, this method has given 
an insight into the constitution of complex compounds 
otherwise experimentally unobtainable 
In 1890, Ciamician suggested that ionisation of electro- 
Ijites (salts, acids, and bases) in solution is due to attraction* 
between the molecules of the solvent and the positive and 
negative parts of the molecules of the electrolyte, thus 
brmging about ruptuie of the chemical molecules into 
separate charged parts or 10ns, each entirely surrounded by 
molecules of the solvent ^ This suggestion is suppoited to 
some extent by tlie fact that those solvents with great 
ionising capacity usually unite with anhydrous salts to form 
ciystaUme complex molecules, e g NajCOa loHjO, washing 
soda wnth water of crystallisation, CaClg 6C2H5OH, calcium 
chloride wnth alcohol of ciystalhsation, Mglj 6CH3COCH3, 
magnesium iodide with acetone of crystallisation, 
AIB13 CjHsOCaHs, aluminium biomide with ethei of 
crystallisation, N1SO4.3C3H2O3, nickel sulphate with gly- 
cerine of crystalhsation, CuSO^ H2O 4NH3, copper sulphate 
with both water and ammonia of crystallisation, and 
CrCla 3C5H5ISI, chromic chloride with pyndine of crystal- 
hsation. Van der Waals, in 1891, put forward a similar 
theory of ionisation, and regarded the heat of hydution of 
salts as the souice of the energy necessary to lupture the 
chemical molecule into oppositely charged 10ns ® 

_ In 1891, Wernei put forward a new theory of chemical 
affinity and valency,® m which he regarded tlie force of 
valency as bemg distributed over the surface of the atom 
and utilised m binding other atoms sufficient in number to 

* ZetU pbys Cbm , 1890, 6, 408 

* Ibtd , 1891, 8, 11$ 

® See hu Co-ordumhm Theory, Ch VII, page Si 
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form an enclosing shell to the central atti acting oi co- 
' ordinating atom Anhydious salts on solution were thus 
regarded as combining with the solvent molecules by means 
of some of then atoms, so that each central metallic atom 
completed its “ co-oriinaUon nimhet ” of atoms m the shell, 
the shell being' for med paitly or wholly o f atom s. J,emed 
from the sorvent If all the acidic atoms (oi groups) of 
the' original salt lemam attached m the co-oidmation shell 
no ionisation occurs, but, if one or more of the acidic atoms 
*(or groups) be not bound in the shell, ionisation occurs, the 
central atom with its co-ordinated shell of atoms forming 
a complex positive ion, the acidic atoms (oi groups) forming 
negative ions This co-ordination theory was applied not 
merely to the phenomena of ionisation and electrolysis but 
to the constitution and reactivities of complex salts m 
general, and constitutes probably the most outstanding and 
fruitful contiibution to the general theory of chemistry in 
the history of the science, and an inteipretation of tire 
theory m terms of the electronic nature of valency enables 
fai -reaching deductions to be made as to the external and 
internal structure of the atoms of practically the whole of 
the known elements. 



VALENCY AND STEREO-CHEMISTRY 


Though Plato, about 400 b.c , bad assigned to the piimor- 
dial atoms the thiee-dimensional stiuctuies of the five 
legukr sohds, the tetrahedron, octahedron, cube, icosahedron, 
and dodecahedron, having /o«r, six, eight, twelve, and twenty 
point configurations respectively, these shapes weie not 
assigned to the atoms on the grounds of any physical 
necessity occasioned by any known pioperty of matter. 
Wollaston’s recognition of the simple multiple combmmg 
capacities of caibonic, oxalic, and sulphuric acids, ^ and lus 
suggestion as to the three-dimensional geometry of the 
prmiary particles of matter, probably constitute the earhest 
use of stereo-conceptions 111 the explanation of experimental 
facts Wollaston said, “ when onr views are sufficiently 
extended, to enable vs to reason with pecisian concerning the 
poportions of elementary atoms, we shall find the arithmetical 
relation alone will not be sufficient to explain their mutual 
action, and that we shall he obliged to acquire a geometrical 
conception of their relatitfe arrangement in all the thee 
dimensions of solid extension a stable arrangement may 
again take place, if the fmi particles are situated at the angles 
of the four equilateral triangles composing a regular tetra- 
hedron . It IS perhaps too much to hope, that the geo- 
metrical arrangement of primary particles will ever be 
perfectly known ” However, forty-six years after Wollas- 
ton’s death in 1828, van’t Hoff and Le Bel simultaneously 
put forward complete explanations of the properties of 
organic substances based on the tetrahedral nature of the 
caibon atom, and, seventy-two yeais after the same date, 
Pope and Smiles (see page 46) simultaneously demon- 
strated the tetrahedral nature of the sulphur atom, and the 
tetrahedral structure of the carbon and sulphur atoms in 
Wollaston’s polybasic carbonic, oxalic, and sulphuric acids 
is to-day no less firmly established than the leahty of atomss 
The growth of the idea that the properties of compounds 

1 Phtl ’trans Roy Soc , i8o8, 98 , 96 
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aie largely dependent on the arrangements of atoms is 
coincident with the growth of the conception of valency 
Gay-Lussac’s suggestion of 1824, as to the different arrange- 
ments of the atoms in silver fulminate and silver cyanate, 
was amplified by Berzelius m 1832 into a theory of iso- 
merism. Laurent’s “nucleus theory” of 1835 fore- 
shadowed the carbon atom with a definite shape and 
capacity for spatial combination Dumas’ theory of 
“ mechanical types ” and “ substitutions ” and Laurent’s 
“ nucleus ” theory emphasised the persistence and stability 
of the combinations of caibon atoms with one anotlier 
Pasteur’s discovery m 1848 of the hemihedrism of optically 
active crystals and his researches m subsequent years led to 
tlie theory of molecular asymmetry and the tetrahedral 
structure of a large number of atoms Liebig’s tlieory of 
polybasic acids in 1838, Williamson’s “water type” of 
1850, Frankland’s theory in 1852 of the definite combmmg 
capacity of atoms, and Gerhardt’s theory of simple types 
of 1853, paved the way for Cannizzaro’s, Kekule’s, and 
Couper’s theory of “ atomicity” or valency, m 1858, and 
within a few years definite valencies had been assigned ttJ 
all the blown elements 

In 1852, Frankland (E ) suggested that ‘‘ the formation of 
a five-atom group, from one containing three atoms, can he 
effected by the assimilation of two atoms (or two semi-molecules) 
either of the same or of opposite electro-chemical character ^ 
and in 1866 he amplified this suggestion m the statement • 
“ This variation of atomicity always takes place by the dis- 
appearance of an even number of bonds one 01 more pans 
of bonds belonging to an atom of the same element can unite, 
and, having satin ated each other, become, as it were, latentV * 
This suggestion was revived m 1902 by Spiegel,® by 
Airheuius m 1906,^ and again by Friend m 1908,® as a 

1 Phi Irans Roy Soc , 185a, 142 , 417 
‘ Lecture Notes for Cbemtcal Students, i866 
^ Zeit attorg Chem , 1902, 29 , 365 
* Tbeorten der Cbemte, Leipzig, 1906 
‘ y Chem Soc , 1908, 98 , 260 
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theory of “ neutial affinities,” “ clectiical double valen- 
cies,” and “latent valency,” and involved additional 
ordinary valences capable of being utilised in pans of equal 
and opposite sign. In this foim, hovvevei, the theory has 
proved sterile, and has led to much fruitless discussion, 
owing to the fact that many elements are known which 
have several valencies diffeiing not by two units but by one, 
for example, the twenty-foui elements of the three transi- 
tion series of the periodic classification Werner, in his 
“ co-ordination theory ” adopted Frankland’s suggestion 
and clearly elucidated its meanmg He showed that lower 
valency is converted into valency one or two units higher 
only when the element exhibits electropositive valency 
(metal-Iike), and that the increase in apparent valency by 
two units of equal and opposite sign is found only when the 
element exhibits electronegative valency (as a non-metal) 
He regarded the two apparent valences as dissimilar in 
function, one of the atoms added being held by ‘ ‘ residual 
affinity ” of the cential electronegative atom and the other 
appearing as an electionegative ion On this basis he 
elaborated a theory of the constitution of metal compounds 
with ammonia and water, derivmg them from the simple 
ammonium type, the apparent additional valences of the 
combined ammonia groups being utihsed not necessarily m 
pairs_but even in parts of a single valence Positively 
trmlent nitrogen in nitrous anliydride, N2O3, by the 
addition of two equivalents of oxygen per atom of nitrogen, 
yields nitric anhydride, NgOo, containing positively qum- 
quevalent nitiogen Negatively trivalent nitrogen in 
ammonia, NH3, on the other hand, cannot be induced to 
yield a negatively quinquevalent derivative. It combines 
with hydrochloric acid, HCI, to yield ammonium chloride, 
NH4CI, m which the negative chloride atom ionises from 
the positive ammonium group, NH4, on solution in water 
Werner postulated that the hydrogen atom from HCI is 
added to NH3 without alteration in nitrogen valency, merely 
by the general attraction between the positive hydrogen 
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atom and the negative nitrogen atom, but that, once com- 
bination IS effected, all foui hydiogcn atoms in the NH4 
gioup aie identically bound to the nitrogen atom. This 
conception, difficult as it then seemed, has in lecent ycais, 
by chemical and physical methods, been fully confiimed, 
and, in the electronic mteipretation of valency, is seen to 
be lemaikably simple Weinei further postulated that the 
metal ammines, for example, hexamminocobaltic chloride, 
C0CI3.6NH3, are also apimonium compounds, one-sixth of 
a cobalt atom taking the place of a hydrogen atom m 
ammonium, NH4, so that the complex compound could 
be regarded as 6(NH3Co^) CI3, or [Co(NH3)3]Cl3 In thi3 
case SIX ammonia molecules add three equivalents of cobalt 
and three chlorine atoms, or each ammonia molecule adds 
only one-hah of a positive valency plus one-half of a negative 
\alency This mteipretation rendered impossible the 
existence of latent valencies in pans of equal and oppo^iU 
sign, and confirmed Werner’s view that valency, once called 
into operation, is a force distributed over the surface 01 an 
atom and is independent of the atoms to which it owes its 
origin. This theory necessitated the distiibution of ihe 
valency forces in space, and led to the octahedral stiuctuie 
of many atoms, a stiuctuie which has been demonsti..tcci 
beyond any possibility of doubt by Werner and othcis 
from considerations based on geometrical and optical 
isomerism 

In 1854, Hofmann suggested that tlie ammonia com- 
pounds with metallic salts were derived from the pentad 
nitrogen type, and luteo 01 hexammomo-cobalt chlonde 
haling the following foimula, Co(NHssCl NH4)3 or 

Cl 


H4N -NH2-C0 -NHg -NH, 

I \ 

Cl NHa^NH 4 

h 
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This suggestion was elaborated into a complete scheme of 
chain-formulae by Blomstiand in 1869/ and was adopted 
generally, until Werner’s demonstrations of the spatial 
structure of these complexes brought about the downfall 
of Blomstrand’s theory. The authority of Blomstiahd and 
Joigensen, to the latter of whom chemistry early owes tlie 
preparation of the bulk of the metalammines, was sufEcient 
to maintam the plane cham-formuls for over forty years, 
and retarded the application of spatial ideas of molecular 
structure m morganic chemistry for at least a generation. 
Even as late as 1910 authoritative adherents were to be 
found in this country for Blomstiand’s formulations, with 
the result that Werner’s tlieory of molecular structure was 
held m suspicion, and its application to atomic structure 
delayed till after Werner’s death m 1919 
In 1857, Gibbs and Genth, in their epoch-making 
researches on the ammonia-cobalt bases,® referred to the 
cobalt atom as “ hexatomic,” despite their recognition that 
the combming capacity of cobalt was three They appar- 
ently distinguished the trivalency of cobalt in its combina- 
tion with oxygen or acid radicals from the six groups 
formmg the “ conjunct ” with tlie cobalt atom, and 
regarded the molecules as contaming only one atom of 
cobalt Their views were a remarkable foreshadowmg of 
Werner’s co-ordination theory of thirty-four years later, 
and had Gibbs not subsequently embraced Blomstrand’s 
theory of cham-formulse and two cobalt atoms per mole- 
cule, it IS probable that a co-ordination theory would have 
been evolved long before 1891 
The development of ideas as to the spatial arrangement 
of carbon atoms m organic compounds was very rapid after 
Kekule’s exposition of his theory of “ atomicity ” (valency) 
m 1858. Butleroff, in i860, viewed the “ structure ” or 
mode of linking of carbon atoms as of prime importance, 
and in 1863, Wislicenus, referring to the existence of iso- 

, I Cbemte der Jttztxeu, Heidelberg, 1869 

• Smttisoman Contrtbuttons to Knowledge-^ Washington, 1857, IX 
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meiic forms of lactic acid,^ stated that the existence of 
isomers was due to change in the order of distribution of 
atoms m space, whereas formulae represent only a picture 
of a molecule in one plane In 1866, Kekulc suggested the 
cyclic formula for benzene, which, with very slight modifica- 
tion, represents accurately the views of chemists at the 
present day ® In the following year Kekule suggested that 
the four units of affinity of the carbon atom projected fiom 
the surface in the direction of the four faces of a tetra- 
hedron.® In 1869, Paterno suggested that, if the four 
valences of carbon were directed towards the corners of a 
tetrahedron (Diagram I, p. 64), the formula C2H4Cla should 
represent three isomeric substances In 1873, Wishcenus, 
to whom chemistry is largely mdebted foi the experimental 
elucidation of the arrangement of carbon atoms in many 
organic compounds, suggested the term “geometrical 
isomerism ’ ’ to cover the cases of compounds identical in 
composition and differing only m the arrangement of the 
atoms m space * This term was altered in 1888 by Victor 
Meyer to “ stereo-isomensm ” to cover aU cases of 
spatial isomers, “ geometrical isomerism ” being re- 
tained for the special cases associated witli double bonds 
between atoms, and ‘ ‘ optical isomerism ’ ’ for those 
cases in which the only difference in tlie properties 
of the isomers is their opposite rotatory effect on 
polarised light 

Within a few months of one another m 1874, van’t Hoff 
in Holland and Le Bel m France pubhshed almost identical 
theories of the tetrahedral structure of carbon atoms. 
Van’t Hoff apparently regarded the carbon atom as bejiig 
a tetrahedral shaped piece of mattei,® whereas Le Bel 
regarded the carbon atom as a centre of attraction round 
which four other atoms could be arranged with tetrahedral 

1 Am , 1863, 128 , I 
“ Ihd , 1866, 187 , 160, and 229 
® Zett Cbm , 1867, new seriea 8, 217 
‘ Am , 1873, 167 , 345 

‘ Voontel tot mtbrttdtng der structuurformiihs tn de rmmte. Sept , 1874 
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symmetx) ^ Both theories gave a complete explanation of 
isomerism m oiganic compounds, van’t Hoff’s theory being 
more particularly diiected to the explanation of geometrical 
isomeiism and Le Bel’s to optical isomerism, the former 
being influenced largely by the work of Kekuld and 
Wishcenus and the latter by that of Pasteur, 

In 1869, Blomstrand pointed out that the most strongly 
electropositive and electionegative elements possessed the 
smallest saturation capacity (valency), the highly positive 
alkah metals, for example, combining with great energy 
with the highly negative halogen elements to form com- 
pounds containing one atom of each per molecule No 
explanation of this ciicumstance appears to have yet been 
given, and it constituted the chief reason foi the reluctance 
of chemists to accept the electiical theories of Helmholtz 
and others that chemical forces are entirely electrical m 
origin, for the variabihty m intensity of chemical forces 
With valency appeared incompatible with invariable elec- 
trical charge per valence The variations in mtensity of 
chemical forces are now known to be closely connected with 
the capacity of elements to foim lonisable compounds, or 
in terms of Werner’s co-ordmation theory, tvith the 
capacity of atoms for stable co-ordination with other atoms 
thus disclosmg the features of their supeificial stiucture. 
The alkah metals and the halogens almost alone of the 
elements give rise to atomic 10ns in solutions, form easily 
hydrohsable complex compounds, and give no indications, 
chemically, of possessmg any structure other than that of a 
uniform spherical surface There is, consequently, practi- 
cally no steieo-chemistry of the alkah metals or the negative 
10ns of the halogens. 

In 1881, van’t Hoft suggested that valency is a function 
of the shape of an atom, and that variable valency is 
associated with variation in the atomic shape.^ He stated 

* Le Bel, Bull, Soe, Cbem , 1874 (Nov ), 22, 337 

* Loc cit , p, 60 

* Anncbten ibtr dte orgamsebe Chmu, i88i, XI, 3 
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that “ an atom of such a shape (tiianguki) would theiefoie 
cohipoit ihelf genet ally as ttivaletit and occasionally as 
sixavalent^ and, it should he noted in this connexion, that, just 
as the number and kind of the valences may bfi deduced from 
the shape of the atom, so conversely the shape of the atom might 
he deduced from an accurate knowledge of its valency ” Ten 
jeais latei Le BcP sliowed that meth)'l-ethyl-propyl- 
zaobutyl-animonium chloride could be obtained m optically 
active forms, thus demonstiating that tlie central nitiogen 
atom can give rise to optical isomers Werner later 
showed that the dissociation of this and similar ammonium 
compounds into a complex ton and a halogen ion necessitated 
that tlie iiitiogen atom, like carbon, possesses tetraheduil 
symnietty, and this conclusion has since been amply con- 
liimed. 

If the four valences of the carbon atom aie directed fiom 
the centie to the foui coiners of a regulai tetiahedron {see 
Diagram I, p. 64), it can be proved geometrically that the 
angle betivcen any two of the valences must be 109° 28' 
If, fuitlier, two caibon atoms in combming by means of a 
single bond have the direction of the two separate valences 
united into a straight line between the centres of the atoms 
It IS impossible for a chain of carbon atoms to complete a 
ling, for the angles of an equilateral triangle, square, 
pentagon, and hexagon are respectively 60°, 90°, 108°, and 
120° Compounds are well hiown, howevei, m chemistry 
containing closed rings of three, four, five, and six carbon 
atoms. The smaUcst deviation from the tetialiedial angle 
of 109° 28 IS consequently that of the five-membered ring 
of 108°. In 1885, Baeyer put forward a theory, known as 
“ Baeyer’s Strain Theory, ’’that the valences of the carbon 
atoms are strained out of the position of tetrahedral equih- 
brium by imphcation of the atoms in cyclic structures, the 
stram being least foi the five-membered cyclo-pentane ring, 
and gteatest for the three-membered cydo-propane ring, otlier 
rings showing an intermediate degree of strain m propor- 
Compi rend., 1891, 112, 725 
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tion to the deviation of the polygonal angle fioin the 
tetrahedral angle This theory accords fairly well with the 
known ease or difficulty of formation and of disruption of 
cyclic structures ^ This theory has undergone considerable 
modification in the last five years as a result of the work of 
Thorpe (J, F ) and Ingold and their collaborators, “ who 
have proved that the stiam on two carbon valences impli- 
cated in an open-chain or a cyclic structure can be relieved 
by the utilisation of the other two valences m binding other 
atoms (or groups of atoms) of appropriate volume, the angle 
between these two valences being 1153° for Indiogcn 
atoms, 109 5° for methyl groups, and still smaller angh>j foi 
larger groups 01 for a ring of carbon atoms These iiv' csii- 
gations promise to throw considerable light on deviatious 
of the structure of the surface of carbon atoms fioin telia- 
hedral symmetry, and, inferentially, on the naiurt. ,md 
stability of the electronic orbits in atoms 


1 Polyacetyknt Covtfomds, 1885, and JBer , 1885, 18, 
Cbm Son , 1919, 116, 3ZO, $940, 117, 391, etc 
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CLASSIFICATION OF THE ELEMENTS 

The earliest attempts to classify elements probably date 
back to the 4iscovery of metals and then recognition as 
single substances The metals were oiiginally classified as 
noble and base, the former including gold and silver, and 
the latter copper, iron, lead, tm, and meicury Until, 
however, the ciiteria for the distinction of elements from 
compounds were estabhshed towards the end of the 
eightcentli century, no further advances in the classifica- 
tion of elements weie possible 

In 1789, Lavoisier^ arranged the elements into four 
classes : (l) light, heat, and the thiee gases, oxygen, nitro- 
gen, and hydrogen ; '’(2) non-metalhc solids, such as sulphur, 
phosphorus, and carbon , (3) metals, such as copper, iron, 
lead, gold, silver, and mercury, and (4) emths,’^ such as 
lime, baryta, magnesia, alumina, and silica The “ earths,” 
and light and heat are, however, no longei regarded as 
elements, and the two last are not even material substances 
Berzelius based his “ Dmlisttc Theory ” ® on Lavoisier’s 
classification, with such amendments as the intervening 
years had rendered necessary, the elements being divided 
into electropositive^ and electronegative groups, which 
coincided largely with the groups of metallic and non- 
metalhc elements. 

In 1815, Piout® basmg his ideas on Dalton’s atomic 
weights as amended by the more accuiate woik of Berzelius, 
suggested that the atomic weights of aU the elements were 
exact multiples of the atomic weight of hydrogen Though 
Prout’s Hypothesis was strongly supported, particulaily by 
Thomson, i[T ), it was regarded by Berzehus in 1827 as 
havjng-'no foundation Attempts were made at various 
'times (Dumas and Stas in 1841, and Marignac m 1842 and 
i860) m the nineteenth century to levive^^the hypothesis, 

* Tratti illmentmre de Cbmte, Pans, 1789 

* Sec Chap IV, p 48 

’ Thomson's Am. Phtl , 3*1, and i8i6, 7 , in. 
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which was finally abandoned by chemists after Stas’ 
extremely lefined determinations of atomic weights in 
1 860 had demonstrated that many atomic weights weie not 
even appioximatcly integers A modificajtion of this 
hypothesis was put forward in 1896 by Lothar Meyer, who 
suggested that all atoms are composed of hydrogen atoms 
combined with varying amounts of the “ hmimjetous ether 
which he thought might not be entiiely devoid of weight. 
Lothar Meyer’s suggestion has not been accepted by 
chemists geneiallv, but recent speculations on the structure 
of mattei and the uatuic of cncigv h'’\c lent tonsideiable 
'uppoit to It m the sciwc th.t all iiiasa mav be a mamfesta- 
lioii oi the inertia of spccitihscd portions of the cthei 
detieasc m iiicitn icsidtmg on ven close juxtaposition of 
such spcti ilisoJ poitions of the cthci The modem thooi}' 
of Isotopes and mieronccs horn ludio-acinity and the 
aiLihcial diaimogntion of aloriis 1 a' e, howevci, biought 
about a moic diicct ictuin to Piout’t, hjpothcMs, and non- 
intcgial atomic tvoigiiis aic now regatdod as at ci age atornu 
weights due to niiMuies ol atoms of mtcgial atomic weight 

III 1817 Dobcicinei obsc' \cd that gioups of thicc closely 
j dated elements hate citiici neaily the ^arnc atomic weight 
01 hate atomic weights showing an appioximatdy constant 
dificience, foi example, non, cobalt, and nickel, wah 
atomic weight about 58, and calcium stiontinm, and 
baiium, tvith aLomlc wvight'- diflciing by about 48, chlorine, 
biominc and iodine with diffcicncc about 46, hlJuum, 
sodium, and pola'-'ium witli tliikience about 16, and aul- 
pliui, selenium and tellunum with dittcreneo about 48^ 
Dumas e-' tended Doberemer’s Tiiads by including fluoiinc 
with chloiinc, biom.nc, and lodmc , oxtgen with sulplnii, 
selenium, and t^lluiium , and nmogon wnh phosphoiu", 
ai-jcmc, ard antimOiit ^ 

^ OMcn’s Am 1 S 17 , 50, 332 , and 67 , ind Vogg Am, i 82 <j, 15, 

301 

^ Trutli de Chiv,it a'phr,iri-> .//■', Par'i iSaS lint i’S'c Rep, 1S51 , 
Covipt reuii , 1S57, 45, 70;, 1S3S, 40 9,1, iic 47 1026, Am Cun Vbys 
JS39. [3] B 5 , 129 
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Gmelin,^ in 1843, fuitlier extended Doberemer’s sugges- 
tions and devised a system of classification of the elements 
based on family relationships between elements, similarities 
m chemical propel ties appearing after certain increases m 
atomic weiglit In 1845, Faiaday showed that elements 
could be classified in two senes, (i) paramagnetic elements 
attracted by a magnet, and (2) diamagnetic elements 
repelled by a magnet, and, m 1852, he further showed that 
this classification included m the same series those elements 
exhibiting close chemical similarity‘s 

Pettenkofer le-examined the numeiical relationships 
between Dobereiner’s triads and other chemically related 
elements, and m 1850 suggested that chemically similar 
elements formed series in which their atomic weights could 
be derived as a modified aritlimetical progression uivolving 
the lowest atomic weight and multiples of an integer , and 
modifications of Pettenkofer ’s Senes were proposed from 
time to time until the general law underlying the classifica- 
tion of the elements was discovered® In 1854, Cooke* 
showed that Dobereiner’s triads were merely parts of series, 
and tliat each senes followed a simple algeliraic law in the 
increase of atomic weight 

In 1857, Odling arranged the elements into tliuteen 
classes according to similarities m chemical and physical 
properties, each class being arranged in the Older of atomic 
weights® Though this classification included the various 
groups of elements chemically closely related, it failed to 
show any relationship between atomic weights and chemical 
properties It is, however, practically identical with the 
classification now in use foi grouping the elements for 
qualitative analysis, and included silver, lead, and mercury, 
which give insoluble chloiides , arsenic, antimony, and 

^ Handbuch dcr Chmte^ Heidelberg, 1843. 

2 A Course of Stx Lectures on the Non-metalhc Elements, London, 1852 

® Pettenkofer, The Regular Intervals tn the Equivalent Weights of Elements, 
1850 , and Ann , 1858, 106 , 187 

* Amer, J Set , 18^4, [s], 17 , 387. 

' Phil Mag,, 1837, [3], 13 , 280, and 420. 
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bismuth giving sulphides insoluble in ddute acids ; chrom- 
ium, manganese, and iron giving hydroxides insoluble in 
ammonia , calcium, stiontmm, and baiium giving insoluble 
carbonates , and litliium, sodium, and potassium having 
soluble salts. It has been suggested that O’dhng’s system, 
levised in the light of existmg knowledge, would furnish 
the most convenient system for the classification of chemical 
knowledge of the elements, but its inherent defect is its 
failure to indicate periodicity of chemical properties with 
atomic weights, and, had it been adopted, it is extremely 
doubtful if It could m any way have assisted m elucidating 
the structure of atoms, which has been deduced almost 
solely from the periodic classification 

In 1862, de Chancourtois proposed a classification of the 
elements based on the new values of atomic weights conse- 
quent on Cannizzaro’s system of 1858 De Chancourtois 
plotted the values of the atomic weights on a helical curve 
described on a cyhnder, such that corresponding points on 
the curve differed by sixteen, the atomic weight of oxygen. 
This curve, called by him the “ vis tellnnque ” or “ telluric 
screw'* brought into the same column many elements 
chemically closely related, and, in consequence, he sug- 
gested tliat “ the properties of the elements are the properties 
of numbers." ^ 

In 1863, Newlands proposed a system of classification of 
the elements m the older of atomic weights, the elements 
being divided into seven groups having cliemical properties 
analogous to the first seven elements, hydrogen, litliium, 
glucinum (sometimes called beryllium), boron, carbon, 
nitrogen, and oxygen ^ Newlands termed this septenary 
relationship the Law of Octaves, by analogy with the 
seven intervals in the octave of the musical scale. He 
further assigned to the elements in the order of their 

1 Compt rend , l86z, 54 , 757, R40, 967 , 66, Coo , 1863, 56 , 233, 467, 1217 , 
Vts tcllurtque, classement mturel des coips ttmples ou raduaux oiunu mi maytn 
d’lm sysiime de classification hehcotdal et ttumingiie, Pans, 1863 

* Cbem News, 1863, 7 , 70, 1864, 10 , 59, 94, 95, 240, 1S65, 12 , 83, 94, 
i866, 18 , 1 13, 130 , On the Discovery of the Periodic Law, London, 1884. 
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atomic weights, a sciics of numbcis begmnmgwith hydio- 
gen I. This system of assigning ordinal numbers to the 
elements was revived fifty yeais later by Van den Broek, 
who identified the oidinal numbei with the chaige on the 
atomic nucleus and with tlie number of electrons in the 
neutral atom, and the Atomic Number of an element is 
regarded to-day as an atomic constant no less important 
than atomic weight oi valency Newlands’ classification 
and law of octaves were unfoitunately regarded witli 
extreme derision, and he abandoned fuither pursuit of the 
remarkable lelatioiiships he had discovered The attitude 
of chemists in this country to Newlands’ proposals is a 
conspicuous example of the truth of the proverb about 
mhonoured native prophets, foi an almost identical proposal 
six years later by the Russian chemist, Mendeleeff, immedi- 
ately gained general acceptance 

In 1864, Odhng proposed a classification of the elements 
very similar to that of Newlands, and suggested that “ Doubt- 
less some of the arithmetical lelattons exemplified in the fore- 
going table are merely accidental, but, taken altogether, they 
are too numerous and decided not to depend on some hitherto 
unrecognised law ” ^ Even Odling’s authority, however, 
failed to make the proposals acceptable, and the law died 
still-born 

In March, 1869, Mendeleeff communicated to the Russian 
Chemical Society a papei, The Correlation of the Properties 
and Atomic Weights of the Elements,^ in which he showed 
that “ the elements arranged according to the magnitude of 
atomic weight show a periodic change of properties,” and put 
forwaid a table of the elements arranged in groups practi- 
cally identical with those of Newlands and Odhng The 
groups m their three tables were arranged horizontally, an 
arrangement altered by Mendeleeff in 1871 to the now 
familiar form of vertical groups and horizontal rows, or 
senes 

' 1 Watts’s Dtcuoiiary, 1864, 8, 975 , Quart J Sci , 1864, 1 , 643 

Huss Cbm Sqc , 1S69, 1, 60 , 1870, 2 , 14 , 1871, 4 , 25, and 34S. 
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In this tabic Mendeleeff diffeientiated the membeis of 
some of the groups mto two classes according to whether 
they belonged to senes with odd or with even number, 
group II, for example, contaming two subgioups, the fiist 
with beiylhuih, calcium, strontium, and baiium m the 
senes of even number, and the other with magnesium, zinc, 
cadmium, and mercury in the series of odd number. This 
differentiation of the members of odd and even series is 
possibly more remarkable than the differentiation into 
groups and series, and serves to emphasise the outstanding 
nature of Mendeleeft’s genius He thus regarded some sets 
of two series, one even and one odd, for example, 4 and 5, 
6 and 7, 8 and 9, and 10 and il, as together forming smgle 
fenods of seventeen elements, senes 2 and 3 bemg separate 
groups of seven each This differentiation has in very 
recent years proved to be of fundamental importance in the 
determination of the electronic stiuctuie of atoms, being 
the sole known criterion for the separation of the atomic 
electrons into groups containmg the maximum possible 
number of electrons Even more remarkable than the 
differentiation of the Periodic groups into even and odd 
senes, was Mendeleeff’s suggestion as to the so-called 
transition elements It is commonly but wiongly stated 
that the transition elements are those of group VIII, and 
that they form a transition gioup from the even to the 
next odd senes. This was not Mendeleeff’s view, but that 
of lessei mmds with weaker vision. He actually made use 
of the foUowmg woids, “ the following transition period 
Cr~iz, Mn = 55 , Fe= $ 6 , Co = 59 , Ni — 

Cu = 6 ^ , Zn = 65 ”, and the members of group VIII, 
the triads, Ee Co Ni, Ru Rh Pd, and Os Ir Pt, he termed 
“ intermediate senes of elements^'’ His ‘ ‘ transition periods ’ ’ 
aie almost identical witli those in Bohr’s theory of atomic 
structure, m which the transition periods represent the 
extension of an mcomplete but stable group of elections 
into a gioup with the maximum possible number of elec- 
trons Bohr diffeied from Mendeleeff merely in the precise 
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containing closely related facts, m order to facilitate appre- 
hension, memory, and the utilisation of knowledge. This 
object cannot be attained in chemistry by any system of 
classification which fails to include m a group the maximum 
jjumbcr of elements exhibiting maiked similarity m qualita- 
tive and quantitative chemical and physical relationships 
Mendeleeff’s classification involved the division of each long 
period into two chemically similai senes, distinguished as 
even and odd seiics, this division thus bringing closely 
related elements with the same valency into the same 
periodic group The variations of Mendeleeff’s table 
usually involve the extension of the long periods, so that the 
table IS dupheated, as m Bayley’s form, utilised by Bohr 
and others to exhibit resemblances in the structure of atoms. 
This divorcement of the even and odd series fails to make 
appaient the extraordinary resemblance between phos- 
phates and vanadates, sulphates and chiomatcs, perchlorates 
and permanganates, and between the “ noble metals ” of the 
eightli group and the “ noble gases, and fails to make any 
contribution to the theoiy of atomic structuie that is not 
more clearly appaient in Mendeleeff’s table Table 3 
on page 79 very closely follows Mendeleeff’s arrangement 
of 1871, and enables not only the whole of the chemical 
relationships between elements to be clearly disc6r^d, but 
also serves as a basis for the interpietation of atomic struc- 
ture even more complete than any inferred from the 
separation of the even and odd series of the long periods 
consequent on mathematical functions based on atomic 
numbers or atomic weights. 

The arrangement of the elements shown m Table 3 is 
based solely on the classification of the elements according 
to similarities in chemical and physical properties, and is 
independent of any theoiy of the structure of atoms 
Most of the chemical classifications of elements, based on 
atomic structure, give undue piominence to the “ inert or 
noble gases, which are, m fact, relatively of little importance 
m nature and in chemical theory and practice. With the 
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exceptions of helium and neon, none of these elements is 
of direct importance in modern theoiies of the structuie 
of atoms, foi only these two are regaided as maihng com- 
pleted groups in electronic structures The “ noble metals^ 
gold, platmum, indium, osmium, silver, palladium, rho- 
dmm and ruthenium, with which may be included copper 
nickel, cobalt, and iron, are, on the other hand, not^^ly 

imnn^rj f chemistry, but fundamentally 

unportant in theories of atomic structure, and mark 
decisively the points at which groups of electrons are com- 
pleted in the stiucture of atoms The mclusion of both 
the noble gases and the noble metals’^ m the same 
periodic^lroup 8, is tlierefore necessitated in the classifica- 
tion of the elements according to chemical properties and 
according to atomic structure Mendel^eff’s division of 
the long periods into even and odd series of over fiftv 
years ago is. to-day abundantly justified, and, tliough he 
later failed to appreciate the close relation between the 
noble metals and the “ noble gases,” the soundness of his 
cWal instmct and the brilliance of hiTiimuI aValmc^t 
? ^1?® histoiy of the science. - - - - 
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[FlCO(CN)5 ]K3 , [B(CH3)3NH,] , [AlCl, SH„] , 

[AlBr(C8H„)a]Bi3 , and [CoCOaCNHOs] NOj 

Inspection of these formnl® shows that tlieir pre- 
dominant feature is the presence of four or six atoms or 
groups associated with a central atom, metallic or electro- 
positive in nature with the exception of the nitrogen atom 
in [NH4]C1 Examination of the manf thousands of 
co-ordination compounds now known reveals the facts that 
the predominant co-oidination number is 6, and that the 
next most common number is 4, usually associated with 
the elements of small atomic weight such as Li, Be, B, C, 
and N, or elements of very large atomic weight such as 
Au, Hg, Tl, and Bi 

The progressive ionisation of co-ordination compounds 
' by replacement of co-ordinated atoms or groups by mole- 
cules of a solvent (hydrolysis) is well illustrated by the 
tnammme of cobaltic chloiide [CoCl3(NH3)3] On solu- 
tion of this compound in ice-cold water, ions are not at first 
detectable On standing, one-third of the chlorine atoms 
become ionised, and the mono-hydrate, aquo-triammino- 
cobaltic chloride, [CoClj H20(NH3)3]C1, can be isolated 
from the solution On long standing, two-tliirds of the 
chlorine atoms become ionised, and the diliydrate, 
diaquo-triammino-cobaltic chloride, [CoCI(H20)a(NH3)3] 
Clg, can be isolated from the solution On raising 
the temperature, the whole of the chlorine atoms 
become ionised and the trihydiate, tn-aquo-tnammino- 
cobaltic chloride, [Co(H20)3(NH3)3]Cl3, can be 
isolated 

The three molecules of ammonia can not be progressively 
removed by replacement by the solvent owmg to the 
instability of the lesulting hydrates. The reverse process 
of leplacement of the water molecules can however be 
accomplished, either by substitution by atoms previously 
ions or by replacement (ammonolysis) by further ammonia 
molecules, the following series of compounds being obtain- 
able by treatment with ammonia, diaquo-tetrammino- 
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Methyl ferrocyanide, Fe(CN)2 4CH3CN5 termed in 
Weinei’s system methyl hexacyano-ferroate, should be 
tncyano-tn-cyanomethyl-ferioate, foi the foui methyl 
cyanide molecules no more furnish methyl ions than 
ammonia molecules furnish hydrogen 10ns The non- 
lomsation of the methyl groups explains the existence of 
the two isomers a- and p-methyl fenocyanides, as the cis 
and ttans forms of an octahedial complex It may be 
stated that any system of chemical nomenclature based on 
ionisation is bound to fail, for the simple reason that 
ionisation may have any value from infinitesimal to com- 
plete, depending on the solvent and the extent of dilution 
of the solution 

A stronger objection to Werner’s nomenclature is the 
fact that It IS not consistent with his co-ordmation theory 
m which metallic ammines aie regarded as ammonium 
derivatives If ammonium chloride is vahdly describable 
as the product of the addition of the electro-positive part 
of a simple salt, hydrogen chloride, to the electro-negative 
nitrogen of ammonia, then metallic ammines are similar 
ammonium compounds, consisting of the product of the 
addition of the electio-positive part of a simple salt, 
cobaltic chloiide, to the electio-negative nitrogen of 
ammonia C0CI3 3NH3 is consequently cobaltic-tri- 
ammonium chloride, just as CH3CI NH3 is methylammon- 
lum chloiide in organic chemistry. In the strict ammon- 
ium nomenclature C0CI3 3NH4CI would be ammonium 
cobaltic-chloiide, C0CI3.NH3.2NH4CI would be diam- 
monium cobaltic-ammonium chloride, and C0CI3 2NH3. 
NH4CI would be ammonium cobaltic-diammonium 
chloride 

Werner’s use of the term ammmo is a convenient short- 
hand form for co-ordinated ammonia, but no justification 
exists for the use of such terms as cobaltiate and ferroate, a 
method of nomenclatuie already in common use to desig- 
nate oxy-acids. The confusion ensumg from Werner’s 
nomenclatuie is illustiated by the fact that the common 
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oxy-salt potassium cliloio-chromate, KCrOgCl, would 
scarcely be differentiated by name fiom tlic double salt, 
CrCl, 3KCI, at present known as potassium chromi- 
chloride. 

. The foiegomg tliiee general types of co-ordination 
complexes derived from trivalent metals include those m 
which a single group of atoms contributes more than one 
to the SIX co-ordination positions, and numerous cases are 
known of donbly-bouncl groups, and at least one trebly-bound 
group has been identified by Werner 

Groups of the type of cthylenediamine, NHg CHj CHj. 
NHa, and metallic hydroxides, e g. Cu(OH)2, are equivalent 
to two molecules of ammonia, Groups of the type of the 
ammoacetate group, NHj CHj COj— , and the acctjl- 
acetone radical, 0 C CH CO—, are equivalent to one 
CHg CH3 

molecule of ammonia and one univalent atom Groups of 
the type of the oxalate group, — OgCCOa — , and the 
pentamethylene radical, — CH2 CHj CHa CH^ CHj— , are 
equivalent to two univalent atoms 

Professoi G T Morgan has proposed to designate all 
groups, contributing tm positions to a co-ordination com- 
plex, Chelate Groups. Complexes containing three of 
the first type of chelate group belong to the general non- 
acido-type, [MAg] Those containing one chelate group 
of the second type and four molecules of ammonia belong 
to the general mono-acido-type, [MXAg] Those con- 
taining two such chelate groups and two molecules of 
ammonia belong to the general di-acido-type, [MXgAi] 
Those containing three such chelate groups belong to the 
general tri-acido-type, [MX3A3] Complexes containing 
one chelate group of the third type and four molecules of 
ammonia belong to the general di-acido-type, while those 
containing two or three such chelate groups belong to the 
general tn-acido-type 

It is obvious that a chelate group by combination with a 
central atom gives rise to a cyclic system, for example, 
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/NHa-CHa 

Co<' I In cases where two oi moic chelate 

NHa-CHa 

groups combine with a cential atom, the latter becomes 
the common membei oi spii o~a.tom of two oi moic cyclic, 
systems, foi example, in cupric ammo-acetate, and basic 
cupric chloiide, 


* \co./ \0.c/ 


, /OH\ ,, OH\ 
Cu, 'Cm ,Cul 
\OH//s^\OH/ 
OH OH 
\Cu/ 


In the fiist case the valency of copper is expended in the 
co-ordmation complex, whereas m the other the two 
chloride ions associated with the complex ion account for 
tlie valency of coppei, the complex ion thus being a diacidic 
basic radical, in accordance with the lule that the maximum 
number of univalent ions associated with a complex is equal 
to the valency of tlte co-oidmating atom. 

It was indicated, page 87, that ammonium chloride 
differed from the co-oidination compounds of metals m 
contaming a central electronegative atom, its co-oidination 
formula bemg [NHijCl This compound may, however, 
be legarded as an ammine of electropositive hydrogen 
[H.NHajCl, and is tlius stiictly analogous to a metallic 
ammine. Eitlier method of formulation involves that the 
valency of nitrogen is unchanged in ammonia and ammon- 
ium salts This can readily be demonstrated experi- 
mentally. On oxidation of ammonium chloride to water, 
free nitrogen and hydrochloric acid, only thiee equivalents 
of oxygen aie necessary 

2NH4CI -f 3O = 3H2O -h Na -f 2HCI 
On oxidation to water, free nitrogen, and fiee chlonne, 
four equivalents aie necessary 

2NH4CI -f 4O = 4H2O + Na -f Cl, 

On oxidation to water, nitiic acid, and hydrochloric acid, 
eight equivalents are necessary 
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NH4CI + 4O -{- HNO3 + HCl 

On oxidation to watci, nitric acid, and free chlorine, nine 
equivalents of oxygen are necessary 

2NH4CI + 90 = 3H,0 + 2HNO3 -f Cl, 

K ammonium chloride contained quinqucvalent nitrogen 
the equivalents of oxygen necessary for tlrese oxidations 
^ould be increased by two in all cases If the nitrogen 
atom were electropositively quinquevalent as in nitric acid, 
then no oxidation would be necessary, and hydrolysis alone 
would yield nitiic acid, hydrogen, and hydrochloric acid. 
Ammonium chloride, however, on complete hydrolysis 
yields only ammonia and hydrochloric acid. 

It must therefore be concluded that ammonium salts 
contain not merely tnvalejit nitrogen but electronegative 
nitrogen, and tliat the nitiogen atom is completely reduced 
]ust as IS the oxygen atom in water and the chlorine atom 
in hydiochloiic acid. It may thus be inferred that tlie 
nitrogen atom m ammme combinations is equivalent in 
type of affinity to oxygen, chlorme, and other acidic atoms, 
and that the metallic atoms of co-oidination complexes 
possess electropositive valency and electropositive residual 
affinity Hence it is that the co-ordinated atoms in metalhc 
co-ordmation compounds aie almost invariably nitrogen, 
oxygen, fluorine, chloiine, bromme, and iodine, and that 
metallic co-ordmation compounds are usually ammines, 
hydrates, complex oxy-salts, oxides, and double halides 
Co-ordination compounds of the ammonium type, on the 
other hand, are usually hydrides 01 caibon compounds with 
non-metals. 

The so-called boronium, thallonium, carbonium, silicon- 
lum, titanonium, stannonium, stibonium, bkmuthonium, 
and lodonium compounds exhibit no real analogy to 
ammonium compounds, but contain as tiuly electropositive 
central atoms as do the metalhc ammines, and the same is 
probably true of many sulphonium, phosphonium, and 
aisonium compounds. Even the nitrogen atom, so fre- 
quently highly electronegative, becomes an electropositive 
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central atom in combination with oxygen and pcihaps thc^ 
halogen elements 

An interesting example of the direct combination of 
electropositive nitiogen with electionegativc nitiogen, both 
in the trivalent state, may be legaided as furnished by oqe 
of the nitrogen iodides, N2H3I3, to which the co-ordination 
formula [NI3 NH3] may be assigned, each nitiogen contf-"’ 
buting one position of opposite polarity to the four co- 
oidination positions of the other The reactions of this , 
compound, however, indicate that this elegant foimulation 
is doubtful, as nearly the whole of the nitrogen is evolved 
free on hydrolysis, and tlie compound reacts with more 
ammonia to form NI3 2NH3 and NI3 3NH3 It seems 
piobable, tlierefore, that the nitrogen atom is electro- 
negative even m combination witli the halogens, and that 
the nitrogen iodides contain electropositive lodme, the 
constitution of the last compound thus bemg [(NH3.I)3N], 
only three of the four electronegative nitiogen atoms 
attaining the co-ordination number foui 
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CO-ORDINATION STEREO-CHEMISTRY 

The spatial distiibution of the forces of chemical affinity 
consequent on valency exchange^ necessarily involved in 
Wernei’s theory the spatial distribution of 'atoms about a 
cential atom The spatial distribution of atoms united to 
the quadrivalent carbon atom was the essential feature of 
the theoiies in organic chemistry associated with the names 
of van’t Hoff and Le Bel, and Werner’s co-ordination 
theory further extended stereo-chemical conceptions in 
organic chemistry and to morganic chemfstiy generally. 
Werner postulated that aU atoms with co-ordination 
number four possessed a tetrahedral configuration, and those 
with co-ordination number six an octahedral configuration 
It is extremely doubtful, however, that Werner’s postu- 
late is universally correct, for he was compelled to admit a 
planar distribution of co-ordmation positions for the 
bivalent platinum atom with the co-ordination number 
four, though the six co-ordmation positions of quadrivalent 
platinum were definitely demonstrated to be not only 
spatial but octahedral It is more than possible that many 
atoms with co-ordmation number four possess a planar 
distribution of valency forces. Vernon ^ has contributed 
considerable evidence foi the planar distribution in the case 
of the dimethyl hahdes of bivalent tellurium, and Morgan 
and Drew and their co-worlers have detected no stereo- 
isomers m the case of the di-selenium acetylacetones, 
though such should exist if the selenium atoms in these 
compounds have not a planar distribution of valency forces 
With regard to atoms having the co-ordmation number 
SIX, Werner was able to demonstrate their octahedral 
structure ul aU the cases exammed, and until recently it 
appeared that his generalisation of octahedral structure for 
SIX co-ordination positions was correct in aU cases The 
tnacetylacetones of the trivalent metals however, should 
exist in two optically active forms, and, though no evidence 
1 y Cbem Soc , 1910, 117 , 86, 889 , 119 , 105, and 687 
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Diagram III 


Tetrahedral Opb/cStl Isomers 




Class B(iv)i¥/t/i one an^mmebr/cal Chelate Qmip 
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Jh.as been obtained to this effect, it bas been assumed that the 
jknown compounds are meiely unresolved racemic compounds, 
Tlie reseaiclies of Mr. W. T Astbury, however, prove 
that this explanation is untenable His examination of 
numcious tiiacetylacetones by ciystallograpHic and X-ray 
analysis indicates that the octahedral structure is impossible, 
and that the spatial arrangement is that of the trigonal 
prism This deduction in no way affects the reality of the 
octahedral structures assigned by Werner to chromium, 
iron, cobalt, rhodium, indium, and platmum atoms as the 
result of his chemical mvestigations. It merely proves that 


Table 4 


Numbei 

CHELATE GROUPS 

of 

None 

One 

Two 

Type 

I 

2 

3 

Class (1) 

aaaa 

AAbb 

AAAA 

(n) 

aaab 

AB cc 

AA BB 

(m) 

aabb 

AAbc 

AABC 

(iv) 

aabc 

AB cd* 

AB AB* 

(V) 

abed* 

— 

ABCD* 


* Represents two optically ictive isomers, 

the octahedron is not the invariable six-pomt structure for 
these and other atoms. The new evidence indicates tliat 
the regular octahedron and the trigonal prism are limitmg 
types of atomic six-pomt structure, and that Werner erred 
only in a too-inclusive formulation of his postulate as to 
spatial distribution of co-ordmation positions. The impor- 
tance of Werner’s contribution to the theory of molecular 
and atomic structure is not thereby materially affected. 

Exammation of the symmetry of the tetrahedron indi- 
cates that tetrahedral co-ordination complexes may be 
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classified into three main types and fourteen classes/w^ 
according to the number of chelate groups associated wi'^?-^ 
the central atom Repiesenting a co-ordmated chelate 
gioup bj two capital letters to symbohse its symmetrical 
or unsymmetncal nature, and atoms or groups, occupying ' 
only one co-ordination position, by small letteis, the three 
types and fourteen classes of tetrahedral co-ordinatioQ--'' 
complexes are shown in Table 4, page 97, 

Of these fouiteen classes only i (v), 2 (iv), 3 (iv), and 
3 (v) represent two isomeiic complexes, i e complexes 
related to one another as object and non-superposable 
mirror-image, and at least one of these complexes must be 
present in any compound exhibitmg optical activity. ThS 
eight optically active complexes, m four mirror-image pairs, 
aie shown in Diagram III, p 96. The first three optically 
active classes have been demonstiated to exist, though the 
two isomeric compounds of the 3 (iv) class (symmetiical 
spiro-nucleus) have only recently been obtained for the 
first time by Mills and Nodder ^ by the optical resolution 
of the racemic ortho-dilactone of benzophenone tetra- 
carboxylic acid As yet no compounds of the 3 (v) class 
(asymmetric spiro-nucleus) have been obtained optically 
active, though httle doubt can be tin own on their possible 
existence The fact that thirteen of the fourteen possible 
classes have been proved to exist and to give use to the 
theoretical number of isomers renders impossible any other 
than the tetrahedral nature of the quadrivalent carbon 
atom. 

Some of the foregoing optically active classes have been 
proved to exist containing mtiogen, sulphur, tin, siheon, 
phosphorus, arsenic and selenium as co-oidinating atoms, 
and the tetrahedral nature of these atoms is therefore 
(see p 46) certain Most of the optically mactive classes 
have been proved to exist containing lithium, berylhum, 
boron, oxygen, chlorine, bromine, lodme, gold, mercury, 
thallium, and bismudi, and the tetrahedral nature of these 
1 J, Cbm Soc,, 1921, 119, ?094 
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"atoms IS scarcely less ceitam than m the cases of the fore- 
going 

The foregoing three types and fourteen classes of tetra- 
hedral co-ordmatron complexes relate only tO uni-nuclear 
compounds, i e. those containing one central atom, but all 
compounds containing any number of cential co-ordinating 
atoms aie simply derivable from these tjpes and classes by 
combination As no tetrahedral nucleai atom regarded 
sepal ately can give rise to more than two isomeric forms, 
both of which are equally and oppositely optically active, 
two such nuclear atoms cannot give rise to more than 
9X2 = 4 bmuclear isomers, three nuclear atoms to no 
more than 2 x 2 x 2 = 8 trmuclcar isomers, four to no 
more than 2x2x2x2 = 16 quadrinuclear isomeis, and 
m general n central atoms to no moie than 2" multinuclear 
isomers 

If two similar nuclear atoms are situated symmetrically 
m a chain of atoms, the chain can be divided into two equal 
portions each containing one of the nuclear atoms. One 
uninuclear half-chain is capable of existing m two isomeric 
forms, and each of these forms is identical with an isomeric 
foim of the other half-chain, or, in other words, the two 
uninucleai half-chams yield only two sorts of forms, related 
to one anothei as optical isomers These two half-chains 
can be combined together to form a complete bmuclear 
chain m three different ways, the first consisting of two 
identical half-chains of one sort, the second of two identical 
half-chains of the other sort, and the third of a half-chain 
of each soit The first two bmuclear chains are equally 
and oppositely optically active, and the third optically 
inactive These three isomeiic forms aie the maximum 
number of isomers possible with two similar nuclear 
atoms symmetrically situated m a chain of atoms. 

Such inactive forms are desciibed m organic chemistry 
as wwo-forms, and aie said to be inactive by internal com- 
pensation, meaning thereby that the half-molecules, of 
^which they may be regarded as composed, are equally and 
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oppositely optically active and consequently reduce th^ 
activity of the whole molecules to zero 

It IS obvious tliat the number of meso-forms correspond- 
ing to any formula must be equal to half the numbei of. 
optical isomeis, that is, equal to tire numbei of pans of 
such isomeis, (Optical isomers are usually described as 
enantiomorphs, oi enantiomorphic pairs ) Meso-forms caif 
only exist when a formula can be divided into two equal 
portions, and, in general, meso-forms are equal m number 
to one quarter of the number of isomers theoietically 
derivable fiom the total number of nuclear atoms in the 
foimula. The number of corresponding optically active 
isomers is equal to one-half the theoretical total number 'of 
isomers. If the number of nuclear atoms, capable of 
giving rise to isomers, be n and the formula be symmetrical, 
the number of enantiomorphs is equal to one-half of 2", 
= 2"'-' As the number of meso-forms is one-half of the 
number of enantiomorphs, the number of meso-forms as 
one-half of a"'-', = and the total number of isomeis, 
optically active and inactive, is thus equal to 3 x 2”'^ 

The simplest case of two nuclear atoms, symmetrically 
situated m a chain of atoms, is illustrated by the thiee 
isomeric tartaric acids shown in Diagram IV, two of these 
isomeis being enantiomorphs and the othei an inactive or 
meso-form. It is usual to add to these three forms a 
fourth form known as racemic acid, a compound of equal 
numbers of molecules of the two enantiomorphic isomciS 
Strictly, racemic tartaric acid is not an isomeric tartaric 
acid, for its molecular weight, were it ascertainable, must 
be at least double that of any of the tlrree truly isomeric 
tartaric acids Racemic compounds do not owe then 
existence to different arrangements of the atoms in mole- 
cules, but to combination between two different molecules 
which are enantiomorphs, the number of racemic forms 
thus being inevitably equal to the number of enantio- 
morphic pairs of isiomers. 

A special type of isomerism arises in the case of com- 
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pounds containing two nuclear atoms, each of the sym- 
metrical mono-chelate class z (iii), when the chelate group 
IS common to both nuclei, and each nucleus is symmetrically 


Diagram IV 



Meso or Inactive 

Ofib/ca/Zy Act/ve Tartar/c Ac/cfa Thrtanc Acid 



C/s Form . , Trans Form 

Isomars of 

Tivo S/m/lar Tetrahedral ^sterns tv/bh one Chelate Groi^m Common 



C/s and Trans Isomers of 

Tivo Diss/m/lar Tetrahedral ^sterns w/th one Chelate Group /n Common 



C/s Form Trans Form 

Aiafe/cAc/d Fumar/c Ac/ed 


situ ited in the chelate group of tlie other Owing to the 
fact that class z (iii) involves the nuclear atom being 
attached to two unlike atoms oi groups, the chelate gioup- 
can be applied in two different ways to the nuclear atom. 
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the two dissimilar atoms in the nucleus in the chelate group 
in one case being icveised in “ orientation ” (relaty.^e 
position in space) If the two nuclei aie identical, these 
two positions conespond to bunging similar atoms on the 
same side of 'the molecule, called the cis position, or on- 
opposite sides of the molecule, called the trans position 
If the two nuclei are not identical, the terms cis and 
trans can be applied only arbitrarily The two cases are 
illustrated in Diagram IV, page loi 

As the nuclear atoms belong to class 2 (111), each nuclear 
system must sepaiately contam a plane of symmetry, and 
as the symmetrical chelate gioup is common to both 
systems, the plane of symmetry must be identical foi both 
nucleai systems As complexes containing a plane of 
symmetry cannot be optically active, cis and trans isomers 
cannot be optically active, unless another nuclear atom is 
present belonging to one of the classes l (v), 2 (iv), 3 (iv), 
and 3 (v), in which event there would exist at most four 
isomers, two cis-enantiomorphs and two trans-enantio- 
morphs Numerous cases are known in the cyclic structures 
of organic chemistry 

The limitmg cases of the cis and trans type of isomerism 
IS reached when the chelate group is reduced to one atom, 
the isomers then consisting of two nuclear atoms united by 
a double-bond This is the most famihar case of cis and 
trans isomerism in organic chemistry, and includes open- 
chain and cyclic ethylene derivatives, oximes, hydrazones, 
and diazomum compounds The ethylene type of iso- 
merism in maleic acid and fumaric acid is illustrated m 
Diagram IV, page 10 1 

In organic chemistry it is usual to refer to an atom, such 
as a carbon atom, as an asymmetric atom, when, acting as a 
nuclear atom of a letrahedial system, it is so combined as 
to give rise to optical isomers or enantiomorphs This 
term, due to van’t Hoff, has no justification on the chemical 
evidence, for phenomena of optical activity can arise even 
if the carbon atom be as peifectly symmetiical as the 
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regular tetrahedron Th’e only asymmetry that has ever 
heen detected in chemistxy is the asymmetiy of molecules 
as a whole, such asymmetry aiising meiely fiom the spatial 
distiibution of atoms or groups about a central atom, which 
may itself have any symmetry elements whatever There 
is in fact good reason to suppose that the caibon atom m 
all of Its combinations possesses at least one of the six planes 
of tetrahedral symmetry 

The symmetry of the octahedron is much more complex 
than that of the tetrahedron, and octahedral co-ordination 
complexes are consequently much moie varied m type 
Four mam types aie possible according to the number of 
.chelate groups united to the central atom, the first type 
bemg non-chelate, the second mono-chelate, the third 
di-chelate, and the fourth tri-chelate 

These groups may be further divided into forty-one 
classes, eleven of the non-chelate type, and ten each of the 
three chelate types The eleven non-chelate classes give 
rise to seventy-five forms, of which fifty are optically active. 
The ten classes of the mono-chelate type give rise to 
seventy-two forms, of which fifty-eight are optically active 
The ten classes of the di-chelate type give rise to eighty 
forms, of which seventy are optically active. The ten 
classes of the tri-chelate type give rise to fifty-four forms, 
all of which are optically active The octahedral con- 
figuiation thus gives rise to two hundred and eighty-one 
forms, of which two hundred and thirty-two are optically 
active m one hundred and sixteen enantiomorphic pairs 
The following tables 5, 6, 7, 8, and 9, detail the various 
classes and forms. 

Of the forty-one classes of octahedral complexes, twenty- 
two have been experimentally reahsed, the first nme of 
type I, the first five of types 2 and 3, and the first twp and 
the fourth of type 4 None of tire classes of type i have 
yet been obtained m optically active forms, but the inactive 
f 01 ms correspond to the theoretical number in nearly all cases 

None of type 2 had been obtained in optically active 
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Table 5 — ^Types and Clas'ses of Octahedral 
Symmetry 


Number 


CHE 

LATE GROUPS 


of 1 

j None 

One 

Two 

Three 

Tvpe I a 3 4 

Class (i) 

aaaaaa 

AAbbbb 

AAAAbb 

AAAAAA 

(11) 

aaaaab 

AB cccc 

AA BB cc 

AAAABB 

(ill) 

aaaabb 

AAbbbc 

AAAAbc 

AA BB CC 

(iv) 

aaaabc 

AB cccd 

AABB cd 

AAAACD 

(y) 

aaabbb 

AA bbcc 

AA BC dd 

AABBCD 

(vi) 

aaabbc 

AB ccdd 

AB AB cc 

AB AB AB 

(Vll) 

aaabcd 

AA bbcd 

AB CD ee 

AABCBC . 

(VHI) 

aabbcc 

AB cede 

AB AB cd 

AA BC DE 

(ix) 

aabbcd 

AA bede 

AA BC de 

AB AB CD 

W 

aabcdc 

AB edef 

AB CD ef 

AB CD EF 

(Xl) 

abcdef 

— 

— 

_ 

Table 6 — Isomeric Classes and Forms oe 


No 

N -Chelate Type i 


( NUMBER OF ISOMERIC FORMS 

Classes 

Optically Active 

Optica 

lly Inactive 

[ol 

! Trans Other 1 otal 

Cis Trans Other Total Total 


( 1 ) — — — — — — I I I 

(u) ______ I 1 I 


(ill) 

— 

— 

— 

— 

I I — 

2 

2 

(iv) 

f\r\ 

— 

_ 

— 

_ 

I I — 

2 

2 

\V 

(vi) 

_ 

— 

_ 

_ 

12 

3 

2 

3 

(Vll) 

2 

— 

— 

2 

— 3 — 

3 

5 

(vill) 

2 

— 

— 

2 

_ 4 _ 

4 

6 

(ix) 

4 

— 

— 

4 

— 4 — 

4 

8 

(x) 

12 

— 

— 

12 

_ 3 _ 

3 

15 

(xi) 

_ 

_ 

30 

30 

_ _ _ 

— 

30 

Total 

20 

Nil 

30 

50 

4 19 2 

25 

75 
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Tabll 7 — Classes* and Isomeric Forms of 
Mono-Chelate Type 2 


Claase! 

C18 

Optically Acti 
Trans Other 

Total 

1 Cis 

Optically Inactive 
Trans Other Total 

Total 

(1) 

(n) 

(ill) 

- 

- 

- 

- 

I 

I 

I 

I 

I 

1 

2 

I 

1 

2 

(iv) 

2 

— 

— 

2 

— 

2 

— 

2 

4 

(v) 

2 

— 

— 

2 

— 

2 

— 

2 

4 

(vi) 

4 

— 

— 

4 

— 

2 

— 

2 

6 

(Vll) 

4 

— 

— 

4 

— 

2 

— 

2 

6 

(vill) 

10 

— 

— 

10 

— 

2 

— 

2 

12 

(ix) 

— 

— 

12 

12 

— 

— 

— 

— 

12 

« 

— 

— 

24 

24 

— 

— 

— 

— 

24 

Total 

22 

Nil 

36 

58 

I 

II 

2 

H 

72 


Table 8 — Classes and Isomeric Forms of 
Di-Chelate Type 3 

Classes 

— 

Optically Active 

Optically Inactive 



Cis 

Trans 

Other Total 

Cis Tran 

8 Other Total 

Total 

( 1 ) 

(H) 

2 

2 

— 

— 2 

— 2 

— I 

— I 

— I 

— I 

3 

3 

(ill) 

2 

— 

— 2 

— I 

— I 

3 

(iv) 

4 

— 

— 4 

— I 

— I 

5 

(v) 

4 

— 

— 4 

— I 

— I 

5 

(Vl) 

2 

4 

— 6 

— 2 

— 2 

8 

(Vll) 

8 

— 

— 8 

— 2 

— 2 

10 

(vill) 

4 

6 

— 10 

— I 

— I 

It- 

(ix) 

8 

4 

— 12 

— — - 

. _ _ 


w 

16 

4 

— 20 

— ■ — 


Us20 

Total 

52 

18 

Nil 70 

Nil 10 

Ni^ 

80 
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forms, until Thomas^ in 1923 '"obtained the cis-dmitro- 
oxalato-diammino-cobaltic complex, of class 2 (v) in two 
optically active and one trans-dimtro-inactive foim, 

Diagram "V 


Sienso^/somers 




Optically /hact/ire 

C/s-ammino- isomer crans-ammino-/somer 


bemg three of the four theoietically possible cis and tians 
isomeric forms of this class The correct number of iso- 
mers has been obtained for classes (i), (li), (111), and (v) of 
type 3, by Wernei, but the optically active isomeis of 
class 3 (iv) have not yet been obtained, Weiner was also 

* J Chsm Soc , 19J3, 123 , 617 
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Table 9 — Classes* and Isomeric Forms or 
Tri-Chelate Type 4 





N- 

OMBER C 

)F ISOM: 

ERIC rORMS 


Classes 


Optically 

Activ 

■e 


Optically Inactive 



Cis 

Trans 

Other 

Total 

Cl 9 

Trans Other Total 

Total 

(0 

__ 

_ 

2 

2 


_ _ _ 

2 

(U) 

— 

— 

2 

2 

__ 

_ _ _ 

2 

(in) 

— ■ 

— 

2 

2 

— 

_ _ _ 

2 

(iv) 

— 


2 

2 

— 

— — - — 

2 

(v) 

— 

— 

4 

4 

— 

— “ — 

4 

(vi) 

2 

2 

— 

4 

— - 

— — — 

4 

(Vll) 

2 

4 

— 

6 

~ 

— — — - 

6 

'(viii) 

— 

— 

8 

8 

— 

— — — 

8 

(ix) 

4 

4 

— 

8 

__ 

_ _ _ 

8 

(^) 

__ 

— 

16 

16 

— 

~ — 

16 

Total 

8 

10 

36 

54 

Nil 

Nil Nil Nil 

54 


successful in obtaining the coirect number of isomers for 
several representatives of classes 4 (1), 4 (11), and 4 (iv), but 
m the case of the last class Werner was unable to resolve 
into the optical isomeis the lacemic compounds contammg 
only one nuclear atom, which weie however obtained by 
synthesis fiom optically active compounds Racemic com- 
pounds of this class, with only one nuclear atom, have only 
this yeai been lesolved by Morgan and Main Smith ^ into 
the correct number of optical isomers, the compounds 
resolved being salts of the salicylato-diethylenediammino- 

cobaltic base, J (sgg Dia- 

gram VIII page III) 

The gieat majority of the foregomg classes actually known 
aie complexes contammg the cobalt atom as the central 
co-ordinatmg atom, but many of the classes aie also known 
contammg chromium, iron, rhodium, and iridium as 
^ y Cbtm Soc , 1914 , 125 
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nudcai atoms and all of tlicm Itave been proved to give 
rise to opticallj active isomciic forms These atoms haw 
therefore quite definitely a six-point spatial stiucture, whidi 
is octahedral 

Diagram VI 
lon/sation Isomers 


/ Class (mj T/pff / C/ass fil'd 



Bromide of Chhride of 

CiS-di- chhro -tsomer c/s -ch/oro -bromo-/somer 


CL CL 



Bromide of Chhnde of 

Crons- d/-chloro-isorner trans-cf/oro-bromo-isOmer 

Bi-ac/do-tetromm/no-coba/t/c fial/cfos 


Though no optically active isomeis are known m the 
cases of magnesium, aluminium, silicon, phosphorus, sul- 
phur, scandium, titanium, vanadium, manganese, nickel, 
copper, zinc, gallium, germanium, selenium, yttrium, 
zirconium, columbium, molybdenum, ruthenium, palla- 
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Diagram VII 


109 


lonisabion Isomers -i. 

TypB ^ C/gss (O Type f C/ass (///} 



Optica//y active bro/mcfe of Opticaf/y act/ve cb/or/cfe of 

C/s -dt-ch/oro-isomer Cfs-chloro-hrvmo-isomer 



Optically act/ve brmideof Opticalbi active chloride of 

cis-di-chloro-iso/ner cis-chloro-hromo-isomer 



Optically inactive bromide of Optical^ inactive chloride of 

traps- dhd)hro-i5omer trans-chloro-bmmo-isomer 
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diura, silver, cadmium, indium, tin, antimony, tellurium, 
lanthanum and the raie earth metals, celtium, tantalum, 
tungsten, osmium, platinum, lead, tliorium, and uranium, 
a sufficiently large number of tlie inactive forms of many of 
the classes are known to render practically ceitain that all 
these elements can possess a six-point spatial atomic struc- 
ture, which is probably octahedral. 

The foregoing forty-one classes of octahedral co-ordina- 
tion complexes do not include the whole of the possible 
isomeric compounds, but lepiesent only those derived from 
one co-ordmation complex irrespective of the ions with 
which the complex may be associated. Many dozens of 
cases of isomeric compounds are known in which the iso- 
merism is a consequence of the position of atoms or groups 
in or ionically associated with a complex ion , dichloio- 
tetramxmno-cobaltic bromide, [Co(NH8)4Cl2]Br, for ex- 
ample, lepresents two isomeis of class i (iii), the cis and 
trans forms of the complex ion, both of which are isomeiic 
with the two coi responding isomeis of class i (iv) of the 
complex ion of chloro-bromo-tetrammmo-cobaltic chloride, 
[Co(NH 3 ) 4 C 1 Br]Cl These pairs of isomers, ionisation 
losmers, derived from two difterent complex ions, are shown 
in Diagram VI, page io 8 

If the four ammonia molecules be replaced by two mole- 
cules of ethylenediamine, the dichloro-bromide can exist 
in thiee isomeric forms, two cis and one trans, of class 2 (1), 
which are ionisation isomers of the correspondmg three 
isomers of class 2 (in) of the chloro-bromo-chloride, the cis 
pairs in each case being optically active as enantiomoiphic 
pairs. These six isomers are shown in Diagram VII, page 109 

Representatives of type 4 are incapable of exhibiting 
ionisation isomerism due to univalent ions, but may exhibit 
ionisation isomerism due to bivalent 10ns if one of the 
chelate groups is bivalent. The two optically active iso- 
mers of salicylato-dietliylenediammino-cobaltic bicarbonate 
of class 4 (iv), for example, are ionisation isomers of the two 
optically active isomers of carbonato-diethylenediammino- 
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cobaltic salicylate of class 4 (11) These four isomeric com- 
pounds are shown m Diagram VIII. 

The whole of the foiegoing cases of isomerism in com- 
pounds containing octahedral atoms relate to compounds 


Diagram VIII >•' 
[onbatton Isomers 



containing only one octahedral co-ordination complex, but 
many cases have been discovered by Werner in which the 
isomerism is due to, combinations between seveial octahedial 
co-ordination complexes, and a few cases were elucidated 
by him in which the observed isomeiism is due to combina- 
tions of octahedral with tetrahedral complexes. Strictly 
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all metallic ammmes are comb'inations containing tetxa- 
hedral complexes, for the nitiogen atom of each ammoma 
molecule is the focus of a tetrahedral co-ordination complex, 
which, however, owing to its symmetry, is not alone capable 
of giving rise to isomeric forms (see class l (ii) p. 97) 

Similarly the nitiogen atoms of ctliylenediamine aie the 
foci of tetrahedral complexes, which, bemg of class i (iv), 
are aLo incapable of giving rise to isomeric forms One 
of the carbon atoms of propylenediamme (tetrahedral 
class I (v) ), CH3.CH CHj NHg, can give rise to optically 
NH* 

active isomeric forms, and octahedral complexes containing 
propylenediamme consequently give rise to at least two 
optically active isomers, even if the octahedral complex 
itself has no possibilities of isomerism Werner was success- 
ful in obtaining, for example,^ the whole of the ten optically 
active isomers of dinitro-propylenediammino-ethylenedi- 
ammmo-cobaltic salts, five from one isomer of propylene- 
diamine and five from the other isomer Reference to 
Tables 5 and 8 shows that the compounds belong to class 
3 (v) and that four of the five isomeis should be derived from 
the CIS and one from the trans octahedral complex. The 
four CIS and one trans optically active isomeis were actually 
obtained with each form of propylenediamme, thus demon- 
stiating conclusively not only the octahedral structure of 
the cobalt complex but the tetrahedral structure of only 
one carbon complex 

It IS also of mterest to observe that Werner at the same ' 
time obtained the complete set of partially and completely 
racemic compounds, 1 c racemic with respect to propyleiie- 
diamme only, to cobalt only, and to both propylenediamme 
and cobalt This series of optically active and racemic 
compounds must be considered one of the most outstanding 
of Werner’s triumphs, and one of the most conclusive proofs 
for his co-ordination theory. 

Most of the cases of combination between octahedral 

^ Helv Cbtm Acta, 1918, 1 , 5 
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complexes 1 elate to those containing two cobalt atoms, the 
so-called “ [j-binucleai ” complexes, ni which one complex 
^ts as a chelate gioup to the other by means of two atoms 
in the cis position A typical example, due, to Weinei,^ 
is immo-niti o-tetra-ethylenediammino-dicobaltic complex, 
which contains the imino and nitio gioups m the cis position 
m each cobalt complex togethei with two ethylenediamine 

(“ en ”) molecules, j^^WiCo/^Q^^CoiJWaJ Each cobalt 

complex is separately of the general class /\ (iv) and should 
give rise to a pair of enantiomorphs, which aie the same pair 
for either cobalt atom As m the case of a bi-nuclear 
tetiahedial complex, only thiee combinations aie possible 
of two uni-nucleai forms, the fiist combination consisting 
of two of the same enantiomoiph, the second combination 
of two identical enantiomorphs of the other sort, and the 
third combination of an enantiomoiph of each sort The 
first two combinations are optical isomers whereas the thud 
IS optically inactive by internal compensation, i.e a meso- 
form These three isomers weie all obtamed, the inactive 
form being the first meso-compound to be obtained con- 
tainmg an “ asymmetric ” atom other than carbon These 
three I'omers are completely analogous to the three isomeric 
tartaric acids, and differ structurally only in contaming two 
octahedial instead of two tetiahedral co-ordinatmg atoms 
In 1914, a long-known complex basic salt was shown by 
Weinei ® to contam four octahedral- complexes, m which 
•^ach of the three cis positions of a cobalt complex are 
common to one of thice other cobalt complexes, the thiee 
last acting as three symmetrical chelate gioups to a central 
atom, the quadimucleai complex thus representmg the 
two optically active forms of class 4 (1), both of which were 
■.obtamed, the compounds being the enantiomorphic pair 

conespondmg to the formula j^Co^Q^^Co(NH3)^^3jBrg. 

1 Bei , 1913, 40 , 3674 

2 Ihd , 1914, 47, 3087. 
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Tlie elucidation of the constitution of this complex* salt 
ihiew a flood of hght on the constitution of basic salts 
generally and of many complex mmcials, paiticulaily those 
of the apatite gioup, basic coppei cadmibromide, for 

example, having the stiuctuie, j^Cd^^^^Cu^ajEr^, and 
apatite the structuie j^Ca^^ 

The phenomena to which Berzelius gave the name 
“ isomeiism ” in 1832, but which had been noticed by 
Faraday in 1825, constitute the foundation for the whole 
theory of stereo-chemistiy, and to its manifestations can 
ultimately be assigned the whole of the existing loiowledge 
respecting the constitution of molecules and the chemical 
structure of atoms Weiner’s co-oidination theoiy is 
csscntully a theoiy relying for its evidence on isomerism 
Though Weiner had shown in the early years of his theory 
that It was competent to explain the constitution and 
isomeiism of hundreds of classes of chemical compounds, 
his theory was not veiy widely accepted until in 1911 he 
demonstrated the existence of optically active isomers, of 
cobalt co-ordination compounds 

This tardy recognition of the co-oidmation theory has 
been due without doubt to the rather abnormal unportance 
attached to optical activity by many of the leadeis of 
modern chemical thought, who are specialists in the com- 
paratively restricted field of organic chemistiy The 
carbon atom being of a tetiahedial nature is representative 
of a type to which only a few of the hghtest elements con- 
form, and Table 4, on page 97, shows that only foui of 
the fourteen possible types of tetrahedral complexes can 
give rise to isomers, and that the whole of the isomers arc 
optically active Optically active compounds are therefore^ 
necessarily, the outstanding featuie of isomerism in organic 
chemistry Even the optically inactive meso-isomers of 
organic chemistry are the result of two optically active foci 
m molecules, as has been shown on page 99 in connexion 
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with meso-foims. The uninuclear stereo-chemistry of the 
organic domain is thus largely the stereo-chemistry of 
"cnantiomoi phic co-ordmation complexes. This is no longer 
jtiue m the domam of inorganic chemistiyi foi a single 
octahedial co-ordination complex can give rise to isomeis 
which aie optically inactive, and then existence necessitates 
modification of the conception of the impoitance of optical 
activity in theories of isomerism To the general failure 
to realise this fundamental difference between tetrahedral 
and octahedial isomerism, is to be attributed much of the 
common failure to appreciate the decisive nature of Werner’s 
expel imental evidence for his co-ordination theory. 

' Many complex compounds aie known in inoiganic 
chemistry to which it appeals impossible to assign a co- 
oidination structuie of six 01 less atoms or groups about a 
central atom, and it is usual to legaid such compounds as 
complexes contaming a nuclear atom with a higher co- 
ordmation numbei than six The commonest complexes 
aie those to which the co-ordination number eight has been 
assigned to the cential atom, for example, the ziiconium, 
cerium, and thorium atoms m their tetra-acetylacetones 
and related compounds However attractive this analogical 
formulation may be it must be remaiked tliat no case 
is known of the existence of isomeric forms of com- 
plexes to which the co-oidmation number eight may be 
assigned. 

Examination of the symmetiy of the eight-point structuie 
of the cube shows that it is capable of giving rise to five 
mam types of complexes, non-chelate, mono-chelate, di- 
chelate, tii-chelate, and tetra-chelate, and that these five 
types mclude one hundied and nine classes, of which 
twenty-two are non-chelate, twenty-two mono-chelate, 
twenty-five di-chelate, twenty tii-chelate, and twenty 
tetra-chelate The tetra-acetylacetones should give rise 
to two optically inactive isomeis, which may be described 
as syn and anti in orientation, while unsymmetrical dike- 
tones should give rise to eleven isomers, six anti enantio- 
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morphs, and one anti and foui syn inactive forms {see 
Diagram IX) In no case have isomeis been detected 



Inactive Anti- isomer 



E/et^n Isomers of Propiony/acebones of QaadrneJisntfikta/s 


The evidence foi cubic co-ordmation complexes is at, 
present ml, and though it cannot be stated that such com- 
plexes cannot exist, it is at least a curious comcidence that 
all modern theories of atomic structure involve that no 
atomic structure, elemental or ionic, has eight electrons in 
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or/ near the atomic surface, and that six is the maximum 
number of subgioup elections that can appeal near the 
surface of an atom oi an atomic ion 
The evidence contiibuted by Weiner’s co-ordination 
'theory to the theory of the structuie of atoms may be 
summarised as follows Atoms on combination gain or lose 
negative electric charges in accoidance with then electio- 
negative or electiopositive valency, the exterioi of atoms 
is characterised by the possession of a definite number of 
symmetrically distributed points at which combination 
witli other atoms occurs , these chaiacteiistic atomic 
superficial features are, in numbei, two for the hydrogen 
atom, four for the atoms from lithium to oxygen, four for 
most of the atoms of the peiiods of the periodic classifica- 
tion which mclude the halogen elements , commonly six 
for most of the atoms of the periods which mclude the 
“ transition elements ” , and foui foi most of the atoms in 
combination with oxygen as acids 
The mterpietation of this evidence m terms of electrons 
will be given in latei chapteis on the electronic structure 
of atoms It may be' lemarked that the evidence of the 
co-ordination theoiy is almost the only experimental 
evidence available at the present day for the determination 
of the number of elections in the various sub-groups of 
atomic structure, just as the periodic classification is the 
sole experimental dyiden^ for the determination of the 
^number of elections in the larger groups of atomic stiuctuie, 
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VALENCY AND SUB-ATDMIC CHEMISTRY. 

'i 

Cavendish had shown as caily as 1767 that the equivalency 
between an acid and a base on neuUaht>ation was not the 
equality of weight, and this fact is incoiporatcd in" 
Richter’s law of equivalent proportions, applying to com- 
binations between elementaiy substances as well as to com- 
pounds The equivalent weight of a substance is the unit 
for the measuiement of chemical operations That the 
unit is a different weight foi different substances is no 
hindrance in chemistry to the use of the unit, any moic 
than the difference in weight of commodities is any 
hindrance to commcicial opeiations equated in cask 
Had the equivalent weights of substances ultimately been 
demonstrated to be identical with the weights of their 
ultimate paitides, atoms or molecules, chemistry would 
have been a science of extierae simplicity, a science of the 
stiucture of molecules instead of, as it is and always 
has been, a science of the structure of atoms and 
the relation of the paits of atoms to the stiucture of 
molecules 

The facts that the equivalent weight of an atom is not 
a.hva,ys identical with the atomic weight, and that tlie 
various equivalent weights of an atom are integral multiples 
of tlie*^raallest equivalent weight, weie summarised by 
Dalton m 1803 in lus law of smple ^lultiple pioportions 
by weight. Though the pi ecisS values of atomic weights 
were not a matter of general agrecihent until aftei 1858,^ 
when Cannizzaio had secuiely established Avogadio’s 
hypothesis, no doubt existed from the earliest days of 
Dalton’s atomic theory that most atoms entered into 
chemical combinations in vutue of theii possession of moic 
than one equivalent weight This combining capacity of 
an atom, called by Gerhardt in 1853 ** hydiogen 

atomicity,” was identified, immediately after Cannizzaio’s 
regularisation of atomic weights, as 4 characteristic of the 
atom no less definite and important than its weight, and, 
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uiidci tlic name of valency, lias been the foundation stone 
01 the whole structure of modem chemistiy 

Faraday’s work on electrolysis in 1833-1834 disclosed that 
the equivalent weights of all elements are associated with 
'the same quantity or chaige of electiicity, negative for some 
elements and positive foi others, and led Cleik Maxwell in 
1873 to mfer that each molecule liberated in electiolysis 
parted with the natural unit of electric charge Clerk 
Maxwell’s suggestion was made more precise by Johnstone 
Stoney m the following yeai by the proposition of the 
natural unit of electrical charge as the quantity associated 
with the equivalent weight of an element or the ruptuie of 
one chemical bond. This unit, at fiist called the “ elec- 
trine ” but altered in 1891 to the now famihar “ election,” 
IS stiictly an electrical unit derived from chemical con- 
siderations, and remamed an eleclio-chemical hypothesis 
not admitted generally for twenty-thiee yeais, until it'> 
identification by Sii J J Thomson in 1897 as the negative 
electrical charge on a material unit about eighteen hundred 
times lighter than the hydrogen atom Since that date 
the name electron has been definitely transferred from the 
negative electrical charge to the material particle carrying 
the negative charge 

In 1881, Helmholtz suggested the identification of units 
of chemical affinity, valency, with units of electnca^Ncharge 
or “ atoms ” of electrify, each chemical atom being 
assigned as many “ atoiro” of electricity as it possessed 
^ units of affinity or valency Clausius had already, in 1857, 
suggested that molecules were to a small extent ionised in 
solution mto parts carrying positive or negative charges, 
and It consequently followed from Helmholtz’ suggestion 
that atomic 10ns in solution earned a number of positive 
or negative “ atoms ” of electricity in proportion to the 
valency existing m the combination 

In 1901, Nernst clarified Helmholtz’ views by the 
suggestion that the laws of constant composition and of 
simple multiple proportions apphed vnth equal force to 
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tKe quantities of electncity as to' the quantities of matter 
taking part m a chemical reaction, and deduced fioin tlie 
fact that elements aie electiically neutial m the fiee state, 
that the creation of charges on atoms in combination must 
arise hy the exchange between atoms of positive for negative 
“ atoms ” of electricity or elections, common salt, NaCl, 
for example, being a compound in which the sodium and 
chloime atoms on becoming ions have exchanged negative 
^and positive elections 

In 1902, Sir Ohvei Lodge, m an address to the Institute 
of Electrical Engmeers,^ suggested that only negative 
elections weie tiansfeired m chemical combinations, 
'negative charges on atoms lepiesenting the acquirement of 
^electrons, and positive charges the loss of electrons, 
'and his suggestion is the basis of all present theories 
of electronic reactions in chemistry He further suggested 
that elections in one atom could be utilised by anothei 
atom prior to then separation to form appropriately 
charged ions, and this may be regarded as the ongm 
of the many subsequent theories of election-sharing in 
non-ionised compounds ® Two years later ® he suggested 
that, though the electric charges 01 electrons, to the transfer 
of whicli chemical combination between atoms is due, aie 
indivisible, tlie forces resulting are not indivisible, and that, 
though^e bulk of the hues of force might be utihsed in 
binding the atoms together, som^f the lines of force could 
be utihsed in bindmg other modules, thus giving rise to 
complex aggregates, and pftermg a feasible mechanism for 
the explanation of residual affinity. Some time later, 
P F Franldand * showed that Lodge’s suggestions could be 
applied to the phenomena of ionic dissociation and cata- 
lysis, and to the combmation of watei of ciystalhsation 
and to molecular compounds generally 

* y Inst, Elect Eng , 190V3, 32 , 45 

* See also bis Mcdern Views on Matter, Romines Lecture, Oxford, 1903, and 
Electrons, 1906 

’ Nature, 1904, 70 , 176 

* Ihd , 1904, 70 , 4*3 



Vale 7 tcy and Sub-Atomic Chemistry l2l 

In 1908, Ramsiy put forwaid the suggestion that elec- 
tucity IS one of the chemical elements, the atoms of which 
arc the elections, on the grounds that the electrons are 
“ atomic ” m nature, have definite mass, exist free as mole- 
cules, and form compounds by combination with ordinary 
atoms, and crystallised Lodge’s election-sharing views m 
the statement that electrons “ serve as tlie bonds of union ” 
^between atom and atom ” ^ 

In the same year. Stark elaborated the conception of 
electron-sharing between atoms into a theory of chemical 
combination,^ m which he regaided an election in an atom 
as sending lines of force not only to its own positive part 
but also to the positive part of the chemically bound atom 
This theory was considerably altered in 1915 ® in its 
application to organic compounds. Stark regarding the 
shared electrons as in two atomic stiuctures simultaneously, 
one such electron being equal to one chemical bond, except 
in the combination between carbon atoms and between 
carbon and hydrogen when two shared electrons were 
considered equivalent to one chemical bond 
- In 1913, Bohr, in extending his dynamic theory of 
atomic structure to the combination between atoms,* 
suggested that the shared electrons in a bond between 
atoms existed as a rotating ring of electrons perpendicular 
to the Ime joining the atoms, two elections m %ie ring 
being equivalent to the ^ond between two hydrogen atoms 
Z ' or between a hydrogen atom and a carbon atom, and similar 
dynamic views were put forward by Kossel in 1916.® In 
Parson’s magneton theory of atomic stiucture,® two elec- 
trons were regarded as forming one chemical bond between 
mo like atoms, the two shared electrons contributing to 
the formation of a group of two electrons in the atomic 

1 J Chem Soc , 1908, 93 , 778 

-Jabrh Rniwaltvo Electromk, 1908, 5 , 125 

^ Dts Elektrtxuat tm ebemueben Atom, I eipwg, 1915 

*l>b,l Mag, 1913 , [ 6 ], 20 , 8 s 7 

“ Ann Pbys , 1916, [4], 49 , 229 

° Smithsnman Inst Pnhl , 1915, 6B, No ii 
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stiuctuic of liydiogen and a giodp of eight electrons m 
the structure of other atoms 

In 1916, Lewis put forward a theoiy of valency based on 
static elections otheiwise almost identical with those of 
Parson and Kosscl,^ m which the outer or valency elections 
of atoms were shared between two atoms so as to complete 
outer groups of eight elections in each atom, two electrons 
being regarded as equivalent to one chemical bond 
The outstanding feature of nearly all these election 
valency theories was the postulate of an outer completed 
group of eight electrons, after combination, in each atom, 
except hydrogen, the electron group in this case consisting 
of two electrons The presumed necessity for tliis lay in. 
the fact, recognised by Mendeleeff in 1871, that the maxi- 
mum valency of any element is eight, illustrated by the 
tetroxides of ruthenium and osmium and the octafluoiide 
of osmium. Ref ei once to Mendeleeff ’s 1871 table (on 
page 71, Chap VI) shows that this maximum valency of 
eight IS exhibited only by elements which do not yield 
compounds with hydrogen, and that the highest valency 
of other elements is equal to the difference between eight 
and the valency towards hydrogen, or, in other words, that 
the sum of the elejitropositive and electronggative valencies 
of elements is equal to eight Tills fact, recognised by 
Abegg tSld Bodlander m 1899 ® m their suggestion that 
the sum of normal and contra valency is eight, is of impor- 
tance in theories of atomic structure, but it is not 3ustifiable 
to conclude that the whole of the eight electrons discern- 
ible m valency combinations appear in the outer structure 
of any one atom, with the possible exception of osmium m 
the octafluoride. In this connexion it is significant that, with 
the solitary exception noted, all deductions, as to the 
presence of eight electrons in the outer parts of atoms, are 
made from compounds containing multivalent elements, 
particulaily oxygen, and there is good reason to believe 

^ jProc Vlat Aead So , 1916, 2 , 58G. 

a Zetl amrg Cbm , iSgg, 20 , 453 
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that in most of such compounds each multivalent clement 
acquiiLS outright at least one of the electrons, thus halving 
the numbei of electrons If it weie universally true 
that two shared electrons are equivalent to each chemical 
'bond, It would be necessary to assume that the eight 
chcmii-al bonds in osmium octafluoiidc and tetroxide 
lepiesentcd sixteen electrons in the outei structure of 
osmium, an assumption definitely at variance with the 
eight-electron postulate on which the two-electron bond 
claims to be founded The same discrepancy obviously 
arises for eteiy element having valency greater than four 
It IS peimissible, therefoie, to conclude, if the maximum 
numbei of elections in the outer part of an atom be eight, 
that the chemical bonds of all elements havmg valency 
gi eater than four consist of not more than one election 
per bond If this must be conceded, it apphes to nearly 
half of the known elements, and lendeis moie than doubtful 
the general existence of two-electron bonds 
Examination of chemical compounds generally leads to 
the conviction that no simple lule exists for the determina- 
tion of the number of electrons m a chemical bond, and 
that this number is a problem for experimental research on 
every bond m eveiy chemical compound The evidence 
gathered from compounds of valency greater than four 
appears to point to the existence of one shared electron per 
bond, and, as all these elements give rise to compounds 
,^^re or less readily hydrolysable, it may be surmised that 
easily hydrolysable bonds contain only one electron what- 
ever the valency of the atom concerned The only ele- 
ments that give rise to compounds unhydrolysable, or 
hydrolysable only with great difficulty, are the feebly 
electronegative non-metallic elements, such as carbon, 
nitrogen, phosphoius, and sulphur, and these together with 
oxygen, the element to which hydiolytic leactions are 
attributable, may be regarded as the elements in which 
two shared elections may be expected to exist in a chemical 
bond. 
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Theoiies based on the postulate of two electrons per 
chcnucal bond have multiplied to an extiaoidinaiy extent 
since 1916, and it is almost impossible to give an account 
of the various uses to which the hypothesis has been put 
by numerous writers and workcis m the fields of both' 
organic and inorganic chemistry as well as in physics The 
most outstanding of the theoiies based on the two-election 
junction is that of Langmuir,^ and is merely, so far as valency 
IS concerned, an amphfication of Lewis’s views This 
theory postulates that the two-electron ' bond or “ co- 
valency ” is the mvanable bond of chemical unit valency, 
and that tlie outer surface of every atom in combination, 
except hydrogen, consists of an invariable “ octet of elec- 
trons aiianged with cubic symmetry. As has already been 
indicated this type of theory, based on two-electron junc- 
tions pel bond and eight elections pei atomic group, com- 
pletely fails m application to the whole of the elements 
having valency greater than four, and moreover to tlie 
whole of the elements which Wernei has proved to be 
associated with six co-ordinated groups or atoms This 
restricts the apphcation of Langmun’s tlieory almost 
exclusively to hydrogen and the seven elements from 
hthium to fluorine, and, though the theory is claimed to be 
apphcable to elements generally, it is noteworthy that 
nearly all the examples cited in the theory aie compounds 
of carbon, nitrogen, and oxygen. It may fuither be 
remarked that no theoiy founded on a bond of two eleXu 
trons can explain the existence of tri-atomic hydrogen, the 
ions of tri- and di-atomic hydrogen, the boion hydrides, 
nitnc oxide, carbon compounds with tuple bonds, and the 
non-existence of the tetia-, penta, and hexa- fluoroethanes, 
compounds of six of the eight elements to which Lang- 
muir’s theory must be expected to be in complete accord. 
In addition to its bearing on valency, Langmuir’s 
theory presents an mterpietation of tlie periodic 
classification based on a scheme of atomic structure. 

Amtr Chem, Soe , 1919, 41 , 868, 1543 ( 1920, 42 , 274. 
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This portion of his theory will be dealt with in 
Chapter XIII. 

Lewis has recently extended his theory of 1916, on which 
Langmuir’s theory is founded, and, whde. retaining the 
‘covalency postulate of the two-electron bond, has rejected 
Langmuir’s theory in so far as it postulates static electrons 
and an mvariable atomic outer stiucture of eight electrons ^ 
Lewis, however, has been no moie successful than Lang- 
muii in Ins explanation of many of tlie compounds to which 
Langmuir’s theoiy is mapplicable, and his new theory 
necessitates so gieat elasticity in the outer gioups of atomic 
stiucture that one is driven to conclude that this elasticity 
is necessitated not by cxpeiimental facts, but solely by his 
hypothesis of the invaiiable two-electron bond, and repre- 
sents the last resource of a dying theoiy The carbon 
compounds alone aie so numerous and so varied in types 
and properties that it is inconceivable that any adequate 
explanation of tliem could be furnished by a theory 
mvolving merely pairs of equivalent electrons m the carbon 
bonds with other atoms A sufficient body of evidence 
has now accumulated to indicate that the reactive electrons 
in carbon atoms in combmation consist of at least two and 
probably three different types, and that mmute changes 
in the structure of compounds suffice to convert electrons 
of one type into elections of another type It appears 
cejtain that theories of chemical valency must begin at a 
Aiwer level than tlie surface of an atom, ldiat the solution of 
the problem of valency must foUow not piecede the solution 
of the more general problem of atomic structure, and that, 
therefore, the problem of the number of electrons m any 
chemical bond will be the last solved of the pioblems of 
chemistry 
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In 1896, in the couise of a seaich for substances spon- 
taneously eimt'cing Rontgen 01 X-iays, Becqueiel cliscoveied 
that the fluorescent double sulphate of uianmm and potas- 
sium was capable of affecting a photographic plate even in 
complete daikncssd and. later proved that this property was 
independent of the uranium salt used and of its previous 
exposure to daylight, thus demonstratmg that the radiation 
produced was an intimsic property of the element uranium 
Two years later, Schmidt proved that the element thorium 
had ladiative properties similai to those of uranium ® 
Becqueiel’s further discovery m 1896 that uianmm 
radiation had the property of discharging electrified bodies, 
that is, of making the surrounding an a conductor, rendered 
possible the accurate measurement of the intensity of even 
extremely feeble radiation, and his gold-leaf electroscope 
method is stiU in common use foi the deteimmation of 
radioactivity. The ease and rapidity of this method of 
measurement of radioactivity led Madame Marya Curie to 
the examination of a large number of minerals,® and, in 
conjunction with her husband, Pieire Curie, to the dis- 
covery of polonium, an mtensely radioactive substance 
having properties alhed to those of the element tellurium * 
In the same year, they discovered the now well-known 
element radium,® which was proved to have piopeiiues 
very similar to those of barium It is, however, probablh 
that radium is more closely allied to strontium (both give 
intensely red flame colorations), just as thorium is most 
closely allied to ziiconium, and uranium most closely alhed 
to molybdenum It is, in fact, a general observation that 
alternate members of a valency group in the penodic table 
show the greatest chemical resemblance, for example, 

1 Compt rend , 1896, 122, 420 

3/W, 1898,127, 1264 
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iodine and chlorine , biomme and fluoime , bismuth, 
cusenic and nitrogen , and antimony and phosphorus 
The pioperties of the elements of the last period appear 
to indicate that this period resembles the 2nd long period 
lather than the 3rd, and it is probable, if the whole of the 
elements conceivable existed, that there would be eighteen 
raembeis in the last period as in the 2nd long peiiod, rather 
than about thiity members as in the 3rd long period 
The atomic weight of radium was found by Madame 
Cuiie in 1903, by the analysis of radium chloride to be 
approximately 225, and in 1907 she obtained the more 
accurate value, 226 2, by tire analysis of a relatively laige 
quantity (o 4 gram) of puie ladium bromide ^ The most 
lecent determinations by othei workers mdicate that the 
figure, 226 o, icpiesents the atomic weight of radium with 
gieat accuracy Radium is the only element of the thirtj^- 
nme ladioactive elements other than uranium and thorium, 
for which the atomic weight has been experimentally 
determined It was isolated in the fiee state in 1910 by 
Madame Cuiie and Debierne, and found to resemble 
metallic barium The free metal was found to have pre- 
cisely tire same radioactivity as the same weight of tlie 
metal m the form of its salts, thus demonstratmg con- 
clusively that radioactivity is an intrinsic property of an 
atom and independent of the operation of valency 

In 1899, Debierne discovered a new radioactive substance, 
<ictimum, aUied in properties to the trivalent rare-eaith 
elements He was unable to separate it from admixed 
lanthanum owing to the minuteness of the quantity obtam- 
able “ In the same year the Cuiies ® showed that radium 
had the property of communicatmg radioactivity to bodies 
in its vicinity, and Rutherford mdependenlly showed that 
thorium had the same property^ In 1904, Debierne 
showed that actinium resembled radium and thoiium in 

1 Comft rend , 1907, 146 , 4*2 

* Ibtd , 1899, 129 , 593 , 1900, 180 , 206 

“ Ibtd , 1899, 129 , 714 

* IbtL Mag , tgoo, [6], 49 , i. 
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Its capacity to make surrounding objects ladioactive ’• 
Rutherford’s expeiiments indicated tliat this property of 
thorium was due to the liberation of a gas or emanation 
(thoron) with -radioactive properties, and Dorn in 1900 
proved that radium llbeiated a similai emanation ® 

In 1902, Rutherford and Soddy ® came to the conclusion 
that the radium emanation had the properties of an inert 
gas of the same family as hehum and argon, and suggested 
that the helium always found in radioactive minerals might 
be causally not casually connected therewith Maitm m 
the same year suggested that the radioactive elements were 
undergoing decomposition,* and Rutherford and Soddy® 
shortly afterwards put forwaid a hypothesis of radioactive 
disintegration and transformation, by which it was assumed 
that a definite proportion of the atoms of a radioactive 
element arc unstable and disintegrate by the emission of 
one or more of the three known types of radiation associated 
with radioactive elements, the residues of the original 
disintegrated atoms being atoms of new elements, of which 
another but definite pioportion are unstable and further 
disintegrate. 

The three types of radiation fiom ladioactive substances 
are a-rays, consistmg of heavy positively cliarged particles 
not materially deflected by a magnet ; p-iays, consisting of 
very hght negatively charged particles (electrons) easily 
deflected by a magnet , and y-rays not aflected by magnetic 
or electric fields and identical with X-rays, except in bemg 
usually more penetrative, thus being in fact oidmary hght 
pulses of the shoitest known wave-length 
In 1903, Ramsay and Soddy® pioved conclusively that 
radium emanation disintegrates by the formation of the 
inert gas helium, and that therefore the a-iays, detected by 

^ Cmpt rend, 1904, 188 , 411 

^ Ahh Naturforscb Ges Halle, 1900 

3 Phtl Mag , igoa, [6], 4 , 580 

4 Cbem News, igoi, 85 , aoj 

® Pbil Mag , 1902, [6], 5 , 376 

® Proc Roy Soc , 1903, 72 , 204 , 1904, 73 , 346 
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Rutherford and Soddy ^ as the only radiation from the 
emanation, consisted of helium This may be regarded as 
the first direct experimental proof that atomic disintegra- 
tion and transformation are realities. In 1909, Rutherford 
and Royds proved by spectroscopic methods * that «-rays 
in aU cases consisted of positively charged hehum atoms, 
thus demonstiating the reahty of disintegr^lgion and trans- 
formation for the whole of the radioactive elements giving 
rise to a-radiation. 

With the exceptions of radium and hehum it was not 
certain that any of the radio-products were m fact chemical 
elements, until Ramsay and his co-worhers had determined 
the chief physical constants of radium emanation, the density 
of which was found by Whytlaw-Gray and Ramsay to be 
III 5, It thus having the highest density and the highest 
molecular weight of any known gas ’ It havmg been con- 
firmed that radium emanation is completely destitute of 
chemical properties, i.e. valency, it was placed by analogy 
in the same periodic group as the inert gases. If, like them, 
It IS a monatomic gas, its atomic weight must be double its 
density, mdicating the atomic weight, 223, from Gray and 
Ramsay’s density measurement, a value confirmed by 
Perbn’s (1908) and Debierne’s (1910) experiments on the 
rate of effusion of the gas_ To mark his identification of 
radium emanation as a definite chemical element, Ramsay 
proposed for it the name, niton, though it is still often 
referred to as radium emanation or radon 

In 1905, Debierne * showed that actmium, like radium, 
yields helium m dismtegrating to form actmium emanation 
or actinon, discovered by him m 1903 In the same year, 
Soddy and Mackenzie ® proved that radium is produced by 
the dismtegration of uranium. Two years later, Boltwood 
showed that this dismtegration mvolves the production of 

1 Phi Mag , 1903, [6], 6, 44S 

« Ihi , [6], 17, 281 
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an intermediate element to which he gave later the name 
ionium, he having at first assumed that tins element was 
actinium ^ Boltwood further showed that ionium was 
chemically inseparable from thorium, and differed from it 
only in possessing different radioactive propeities In 
1907, McCoy and Ross ® showedthat thorium and radio- 
thorium, one of its disintegration pioducts, were chemically 
inseparalile, and differed only in radioactive properties 
Three years later Marckwald^ showed that radium and 
mesothoriumj were similarly chemically inseparable, yet 
differed in radioactive pioperties 
In 1911, Soddy'‘ mdependently came to tlie same con- 
clusion as Marckwald as to the non-identity but chemical 
inseparability of the two bodies radium and mesothoriumj , 
and proposed the term isotopes for all elements cliemically 
mseparable, i.e having identical chemical pioperties and 
valency, but differing usually in atomic weight and always 
in radioactive propeities In 1913, Heck® pointed out 
that all the then-known radioactive elements, over twenty 
in number, corresponded with only ten positions in the 
periodic classification, and that five of these positions were 
occupied by the five elements, thalhum, lead, bismuth, 
thorium, and uranium, all of which were known before 
radioactivity was discoveied It was, consequently, evident 
that many of the radio-elements were not only isotopes of 
existmg elements but of one anotlier, and that the dis- 
integration products of an element were often its 
isotopes, 

, Many suggestions had been made prior to 1913 as to the 
rule or law underl}'ing radioactive disintegrations and 
transformations, for it had become abundantly evident that 
particular transf 01 matrons were associated with specific 
types of radiations and were accompanied by expulsion of 

1 Anur J Set , 1907, [4], 23 , 93, 190S, [4], 25 , 365 
Amer Cbevi Sac , I907, 29 , 1709 
* Bar , 1910, 40 , 34*9 
*y Cbem Sac , igu, 99 , 

® Ibid igrs 108 , 381 and 1053 
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positive helium atoms or a-particles, and negative or 
p-particles or electrons, and emission of y-radiation or 
X-rays. A S Russell,^ early in 1913, formulated a scheme 
for the particular case of the tiansformation of uranium to 
'ionium, by which the valency deci eased two on the loss of 
an a-particle and increased one on the loss of a p-particle, 
uranium of valency 6 thus passing into uranium Xi of 
valency 4 by the loss of an a-paiticle, this passing into 
uranium X2 of valency 5 by loss of a p-particle, then into 
uraniumj of valency 6 by loss of a second p-particle, and 
then into ionium of valency 4 by loss of a second a-paiticle. 
A similar scheme was put forward by Fajans ® In the 
same year Soddy formulated the complete law of radio- 
active change, known as the Law of Radioactive Group 
Displacement,® which states that an element, on expulsion 
of a doubly-charged helium atom or a-particle, passes mto 
an element two less in valency, and, on expulsion of a 
p -particle or negative electron, passes into an element one 
greater in valency 

Certain well-defined exceptions to the displacement law 
must be recognised Bivalent radium emits both a- and 
p-particles but passes into non-valent niton as if only an 
a-particle had been emitted Quadrivalent radioactimum 
similarly emits both sorts of particles, and y-rays as well, 
but passes mto bivalent actmium X as if only an a-particle 
had been emitted. Quadrivalent radiothorium similarly 
emits both sorts of particles but passes into bivalent 
thorium X as if only an a-particle had been emitted 
Neither bivalent mesothonumi nor trivalent actinium emit 
p -particles in changmg to trivalent mesothoriuma and 
quadrivalent radioactimum respectively At tlie pomts of 
branching of both the ladium series and the actmium senes, 
where both «- and p-paiticles should be emitted, only one 
type of particle is emitted, qumquevalent radium C passing 

1 Cbem Nem, 1913, 107 , 49 

* Pbys Zett , 1913, 14 , 131 and 136 , Ser , 1913, 46 , 4Z2 

’ Cbem News, 1913, 107 , 97, Jahrb Radtoakltmt, 1913, 10 , i88 
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into tnvalent radium without emitting a-particles, and 
qumquevalent actinium C passing into sexavalent actinium 
Cl without emitting p-particles 
The substantial accuracy of the law of group displace- 
ment may, however, be accepted, as the foregoing dis- 
crepancies are largely negative in character and the appro- 
priate radiation may yet be discovered. The positive 
exceptions consist m the emission of p-particles or electrons, 
and this emission has been attributed to the ionisation of 
the atoms by the loss of an outer electron due to some 
pecuharity in tlie method of a-particle emission 
The law of radioactive gioup displacement involves that 
unit change in electric charge is accompanied by unit 
change in valency, the loss of the douhly-ch.a.rgQd helium or 
a-particle accompanying decrease of tiuo m valency, and the 
loss of one negative electron or p-particle accompanying 
inaease of one in valency It is evident that atoms must 
consist of a large number of positive helium particles and 
negative elections, for, m the change from uranium to 
lead, eight a-particles and seven p-particles are lost in the 
fourteen valency transformations It is equally evident 
that tlie electrons lost cannot be the valency electrons of 
uranium, which has six valency electrons, for, not only aie 
seven electrons in aU lost, but the transfoimations result 
four times m sexavalent elements with six valency electrons 
In fact after thirteen of these transformations involving the 
loss of seven electrons, the resulting element, polonium, has 
SIX valency electrons, being sexavalent like uranium. 

As the loss of a hehum particle from an atom must be 
accompanied bj the dimmution of atomic weight by 4, the 
atomic weight of hehum, and can be compensated chemi- 
cally by loss of two p-particles, it is evident that atomic 
weight IS not chemically characteristic of atoms. This is 
illustrated by the fact that quadrivalent thorium after the 
loss of an a-particle changes to the element mesothoriumj 
of atomic weight less by 4, which further loses two succes- 
sive electrons, without change in atomic weight, changmg 
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successively into trivalent mesothonumj and quadrivalent 
radiotliorium, tlie last an element chemically indistinguish- 
able from the original thonum Not only may chemically 
identical elements have tlie same or diffeierrt atomic weight 
(isotopes), but chemically different elements may thus have 
identical atomic weights, e g mesothoriumi, mesothoriuniu, 
and radiothorium Different elements with identical 
atomic weight are described as isobars, and numeious sets 
of triplet and doublet isobaiic elements are known 
The following table includes all the known radioactive 
elements the mutual relationships of which have been 
determined, valency (in roman numerals) and atomic weight, 
known or assumed (in figures), bemg shown in biackets 
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In addition to the foregoing tmrty-nine elements, two 
other radioactive elements, uianmm Y and Z, have been 
detected Both emit p-rays, but m neither case are their 
immediate generators known, though both are derived from 
uranium. Uranium Y is usually regarded as immediately 
derived from eithei uranium oi uraniumj by an a-ray 
emission, and as being the progenitor of protactinium by a 
p-ray emission, thus forming the link between the uranium 
and actinium series, the latter being a branch series of the 
former The mam objection to this assumption appears 
to be that either uranium or uranium2 must emit two 
different sorts of a-rays, and such should be distinguished 
by difference m range The Geiger and Nuttall Law, 
however, indicates that the range of the ir -particles is a 
function of the “ period of half-hfe ” of the emitting 
element As the “ period of half-hfe ” is a radioactive 
constant for each element, difference m range is evidence 
of the existence of different elements It may be mferred, 
therefore, that neither uranium nor uramumj can be the 
immediate progenitor of either uranium Y or uranium Z 

AU the idiree known cases of branching of a senes are 
due to the emission of two different types of rays, the 
disintegration following either an a-ray or p-ray emission. 
It would therefore appear by analogy that uranium X and 
uranium Y are not produced from an element giving rise 
to already known a-ray emission If, however, an element 
can disintegrate in two different ways, emitting in both 
cases similar rays of the same range, there appears to be no 
objection to either of these elements bemg the immediate 
product of uranium or uraniuma 

One of the curious features of the three series of radio- 
active elements is tliat m ah. three tlie couise of transforma- 
tion is identical for seven successive transformations, and 
that these seven transformations include similar types of 
branching of each series at corresponding points. Ionium, 
radioactmium, and radiothorium, each after two a-ray 
emissions yield an emanation which is an mert eas. niton. 
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actinon, and thoron respectively. Each of these, after two 
successive K-ray and one p-iay emission yield an element, C, 
emitting both a and (3 rays, so that two products are 
obtained, and Cg, yielding by single different emissions 
the same product. Radium C thus yields both radium Ci 
and C2, both of which pass to radium D , actmium C 
yields both actinium and Cg, both of which pass 
to actinium D , and tliorium C yields both thorium 
and Cg, both of which pass to thoiium D These three 
series of seven transformations thus give isotopic elements 
at each stage, the final stage yielding the three D isotopes 
of lead In the uranium series the disintegration passes 
through three more stages yielding another isotope of lead, 
radium G or radium-lead. It seems probable that the 
two D isotopic products of actmium and thorium are not 
end members of their series, but pass, by analogy with 
radium D, through three corresponding stages to form two 
elements also G isotopes of lead. 

^ On page 132 it was mdicated, m the fourteen transforma- 
tions from sexavalent uranium to quadrivalent radium G 
(radium-lead), that seven electrons are expelled as p-rays. 
This, however, cannot represent the whole of the electrons 
lost, because the valency changes are not taken mto account 
In an a-ray change the valency diminishes by two, and two 
electrons must be expelled from the valency group of the 
atom. In a p-ray change the valency increases by one, and 
one electron must be gained by the valency group of the 
atom If the expelled electron leaves the neutral atom 
completely, an electron must be captured by the valency 
group of the now positively charged atom to neutralise it 
and increase its valency by one. If the expelled electron 
does not leave the atom, it must remam in the valency 
group of the neutral atom as a valency electron In either 
event the p-ray change does not result in _an a tomic n et 
doss or gam of electr ons^ Tt~ sonseqnently follows, in the 
eight~"d^y* and^seven p-ray changes from uranium to 
uranium-lead, that eight sets of two or sixteen electrons 
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must be lost completely in the raclioactive processes. As 
lead IS quadrivalent and thus possesses at least four valency 
electrons, it is evident that the original uranium atom must 
have contained sixteen plus four or twenty electrons, and 
as the element has a valency of six, it follows that the 
radioactive processes disclose m uranium fourteen electrons 
other than those m the valency group. 

Further, smee the radioactive changes from uranium to 
niton result in the reduction of the valency from six to 
zero, and as the removal of two elections from niton lesults, 
in radium A with six valency elections, it must be inferred 
that niton has a group structure of eight electrons which is 
readily degraded to a group of valency electrons, varying 
from SIX for the isotopes of polonium to three for the 
isotope of thalhum It may likewise be inferred that the 
niton group of eight electrons is present m the isotopes of 
the elements uranium, protactinium, thorium, actinium, 
and radium, m addition to a group of electrons characteris- 
ing their valency. Not only must an eight electron group 
be present in aU the isotopes of these five elements, but the 
absolute identity in the properties of the three inert gases, 
niton, actinon, and thoron, definitely shows that tlie 
arrangement of these eight elections is identical in these 
three gases, and also, therefore, in the isotopic elements 
from which they are derived by successive removals of 
valency electrons 

The foregoing atomic structures for the thirty-nine 
radioactive elements have been deduced solely from experi- 
mental evidence, and are independent of any theory or 
hypothesis whatever as to atomic structure, and it must 
be regarded as certam that the whole of these elements 
have atomic structures of similar type, i e that the struc- 
tures of the atoms of smaller atomic weight represent stages 
in the structural arrangements of the atoms of higher 
atomic weight, even when the higher atomic weight atoms 
are not tliose that yield the lower by disintegration. 

In view of the remarkable similarity in the properties of 
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the elements, radioactive and non-radioactive, isotopic 
and non-isotopic, of the same periodic group, as chemical 
10ns or free atoms it may be infeiied that the whole 
of the known elements consist of atoms constituted on 
the unifo rm plan to which the radioactive elements con- 
foim. This pTm in the case of radioactive elements has 
been shown to consist of groups of eight elections in the 
inert gases and the elements of atomic weight up to 
uranium, and of the same group, though incomplete, in the 
. case of radioactive elements of atomic weight less than the 
radioactive inert gases By analogy the atoms of the non- 
radioactive ineit gases also contain a group of eight elec- 
trons, and the same applies to the elements immediately 
following each inert gas This is borne out by the fact 
that tlie elements preceding and following each inert gas 
have valency increasing by one unit from two to six in all 
cases, and from one to seven in one case. This mcludes 
more than half the known elements The elements to 
which the analogy cannot be applied are those senes in 
which more than seven elements occur without an inter- 
vening mert gas These are the elements of the middle of 
the Mendeleeffian long periods of the periodic table, known 
as the transition groups or series Except that these 
elements must contain the eight-electron groups of inert 
gases of lower atomic weight, the electronic structures of 
these elements cannot be determined by reference to the 
structures of the radioactive atoms, as these do not include 
a sufficient number of members of a transition series 
As the element hehum is not preceded by a group of 
multivalent elements, it is not permissible to assume, on 
the radio-element analogy, that it contains a group of 
eight electrons. The facts that hydrogen with only uni- 
valency is the only element preceding helium, and that 
hehum is capable of yielding the doubly-charged oc-particle 
by loss of two electrons, involve that helipin, unlike all the 
other mert gases, possesses a group of only two electrons, 
and that successive electrons are added m subsequent 
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elements until the next inert gas is* reached after the addi- 
tion of eight electrons The structures' of the known inert 
gases can therefore be determined, at least in part, helium 
consisting of one group of 2 electrons , neon of two groups, 
2 and 8 , argon of three groups, 2, 8, and 8 ; krypton of 
four groups, 2, 8, 8, and 8 , xenon of five groups, 2, 8, 8, 8, 
and 8 ; and niton of six groups, 2, 8, 8, 8, 8, and 8 

The law of radioactive group displacement indicates 
that every unit mcrease in valency is accompanied by unit 
loss of negative electric charge, or, in other words, that in 
passing from one element to the element next higher in 
periodic group number, the number of valency electrons 
increases by one while the total number of electrons m the 
atom IS actually unchanged Extending the law for 
valency mcreases to non-radioactive elements, involves that 
in passing from one valency gioup to the next higher, the 
total number of electrons is increased by one, for no 
electron is lost by p-ray emission, while the valency elec- 
trons increase by one It therefore follows that every 
increase m the number of the periodic group of an element 
IS accompanied by an equal increase in number of electrons 

In passmg frctoi argon to krypton, eighteen successive 
unit increases in number of the periodic group occur, and 
consequently krypton must contam 18 more electrons than 
argon. As argon has aheady been shown to have 8 of these 
in one group (the inert gas group completed m passuig 
from univalent copper via septavalent bromine) the group 
of eighteen electrons can be dissected into a group of 10 
and a group of 8, krypton thus consistmg of 2, 8, 8, 10, and 
8 electrons or 36 m all. 

A similar argument apphes to xenon, which, taking 
account of the unknown eka-manganese, must consist of 
2, 8, 8, 10, 8, 10, and 8 electrons, 01 54 in aU. 

From xenon to niton, 29 elements are known, and 2 others 
are missing from the penodic group 7, making 31 possible 
valency changes, involvmg the addition of 31 electrons, 8 of 
which are accounted for in the final inert gas group, niton 
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’?hus having the structure 2,* 8, 8, 10, 8, 10, 8, 23, 8, or 85 
electrons m all, and uranium a similar structure with the 
addition of 6 valency electrons, makmg 91 electrons 
As atoms are neutral structures, a positive charge must 
eiast for every electron in the structure of an atom Further 
as the weight of electrons is negligible in comparison with 
the weight of atoms, each election being about 1845 times 
lighter than the atom of tire hghtest atom hydiogen, the 
whole of the mass of atoms must be located m dieir positive 
charges, two of which are inown to exist m tlie radio- 
active product, the a-particle It has been indicated 
that the hehum atom contains at least two outer electrons, 
removable to form the a-paiticle, and it is certam that 
hydiogen consists of one easily removable electron and one 
positive charge or nucleus responsible for its entire atomic 
weight It IS mferrable that the helium positive particle is 
the nucleus of a system of two outer electrons, and that 
every element is built up of a positive nucleus or nuclei and 
an independent system of electrons 
The general law suggested by radioactivity transforma- 
tions has already been indicated, that the atomic structures 
of aU elements follow the same constitutioiial plan This 
law applied to helium indicates that it must follow the 
plan of hydrogen in which the electron is accompanied by 
a single positive nucleus, helium thus consistmg of four 
electrons and four positive particles, to account for its 
atomic weight of 4. It lias already been shown that the 
evidence points to a single group of two electrons m hehum 
removable to form tlie a -particle of radioactive changes 
The remainmg two non-removable electrons of neutral 
hehum must therefore be firmly associated with the four 
positive charges. This complex of four positive particles 
and two negative electrons carrying a net positive charge 
of two can be identified definitely vwth the a-particle, thus 
bemg describable as the hehum nucleus. Lithium with 
umvalency and atomic weight 7 must be derived from 
hehum by the addition of three positive particles and three 
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negative pai tides or electrons The law of atomic plaa 
indicates that the helium outer group of two electrons 
must persist m lithium, which being univalent must theref- 
fore consist of three outer electrons The remaining fqijr 
electrons must be associated with the seven positive particles 
as a nucleus, which is derived fiom that of helium by the 
addition of three positive particles and two electrons. 
Similarly beryllium (atomic weight 9) consists of 2 valency^ 
electrons, and a helium-gioup of two electrons, associated 
witli a nucleus of 9 positive particles and 5 electrons Neon 
(atomic weight 20) consists of an inert-gas group of 8 
electrons, and a hehum-group of 2 elections, associated 
with a nucleus of 20 positive particles and 10 electrons , 
and xenon (atomic weight 1 30) consists of successive groups 
from the surface inwaids of 8, 10, 8, 10, 8, 8, 2, 01 54 outer 
electrons, associated with 130 positive and 76 electrons 
forming a nucleus 

In general if the atomic weight of an element be W and 
the number of outer electrons be N, the number of positive 
particles m the nucleus is equal to W, the number of 
nuclear electrons is equal to W — N, and the net positive 
charge on the nucleus is equal to N. 

The foregoing considerations do not enable any precise 
position in the atom to be allocated to the nucleus, nor do 
they indicate that the nucleus may not consist of sub- 
sidiary nuclei scattered about the surface or interioi of an 
atom The fact that the emission of helium nuclei from 
radioactive elements is not accompanied by fiee or attached 
electrons appears to indicate that the hchum nuclei are 
either extraordinarily minute as compared with electrons 
and thus do not collide with electrons, or that the hehum 
nuclei aie located on the atomic surface. The latter 
suggestion is negatived by the fact that isolated hehum 
nuclei on or near the surface of an atom would be in close 
juxtaposition vnth many of the elections of the valency and 
outer electron groups, and would thus readily acquire 
electrons and form neutral helium atoms, the atom thus 
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•wipidly completely disintegratmg by the loss of neutral 
helium atoms Radioactive changes, however, invariably 
produce doubly-positively charged hehum nuclei, and the 
disintegration process comes to a definite end m all cases 
wifii the formation of lead, an element of very high atomic 
weight ^ 

The only conclusion to be drawn is that the hehum nuclei 
'«*=^re not located on or near the surface of any atom, and that 
the hehum nuclei are extraordinarily small even compared 
with the electron. The simplest structure, conforming 
with the whole of the evidence from radioactive and non- 
radioactive elements, is that of a very small central positive 
nucleus, containing the whole mass of the atom, surrounded 
by successive groups of electrons, the order of the groups 
being that mdicated already for niton and uranium on 
pages 138 and 139 1 j 1 j 

The system of atomic structure above outlined is based 
entirely on the interpietation of experimental facts by 
means of a suggested law of uniform atomic plan inferred 
from radioactivity phenomena, and is independent of 
theories of atomic structure based on the dynamics of 
electrically charged particles It will be shown in later 
chapters that the latter lead to an essentially sunilar system 
of atomic structure, and that a combination of the two 
systems results in atomic structures capable of offering a 
harmonious explanation of most of the Icnown chemical 
and physical phenomena attributed to atoms. 
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ATOMIC JPHYSICS 

The existence of two opposite kinds of electrification had 
been lecognised as long ago as the early pait of the 
eighteenth centuiy, and Franklin in 1750 put forward'fhe 
" one-fluid ” theory in which all non-electrified matter was 
assumed to possess a normal amount of the single electric 
fluid, positive electrification being an excess and negative 
electrification a deficiency of the electric fluid, Franklin 
further assumed tliat the electric fluid was material and 
consisted of extremely small particles, capable of moving 
without resistance through ordinary matter Except that 
Jiis electric particles were positive particles, Frankhn may 
be said to have anticipated in a remarkable fashion the 
modern conception of tire negatively charged material 
electron. Franklm’s one-fluid hypothesis was however 
shown to be incapable of explainmg a large number of 
electrical phenomena without further equally far-reaching 
assumptions, and it was abandoned in favour of the two- 
fluid hypothesis, m which electricity was assumed to be of 
two opposite types, positive and negative, and was not 
regarded as necessarily granular in structure or even mateiial 
m nature 

About a century later, Weber ^ expanded Franklm’s 
hypothesis of electric particles into a tlieory of the structure 
of matter, which incorporated the two-fluid theoiy of 
electricity. Weber postulated 'two contrastmg types of 
electric particles, positive particles devoid of weight and 
negative particles responsible for the whole of the weight 
of matter. An atom was represented as a number of 
positive particles revolving lound a massive central negative 
particle, Except for the interchange of electrical signs, 
this theory very closely resembles tlie modern theory of the 
atom containmg rotatmg negative electrons and a massive 
central positive nucleus. Weber further regarded an 
electric current as a flow of weightless positive particles 

^ See Ch IV, p. 50 
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• 4Jirough the matter of an flectric circuit, and applied the 
theory to an explanation of a great number of electrical 
and magnetic phenomena, and postulated the variation in 
mass of electnc particles m virtue of their velocity 

’"’Weber’s theoiy of electric paiticles with mass varying 
with velocity was rejected by contemporary physicists, 
though Clerk Maxwell admitted m 1873 that Faraday’s 

* laws of electrolysis could be explamed only on the ground 
of a constant irreducible unit of electric quantity In 
developing his “ Electromagnetic Theory of Light,” how- 
ever, Clerk Maxwell definitely rejected the conception of 
discontmuous electrical quantities, and made use of the 
conception of electrical quantities susceptible of mfinitesi- 
mal variation This theory of the continuous nature of 
energy and electrical changes was greatly developed by 
Kelvin, Heaviside, and Sir J J. Thomson, and became 
known as the “ classical theory,” and postulated the exist- 
ence of a contmuous ether in and by which the radiations 
of heat, light, and electricity were piopagated. The 
classical theory of electricity and energy chiefly concerned 
matter in bulk, but was largely divorced from matter and 
apphed most successfully to the radiation of energy m free 
space. In recent years it has proved to require veiy con- 
siderable amendment m its apphcation to the particles of 
mattei, in which radiation of all bnds has its ultimate 
oiigin Had Clerk Maxwell accepted rather than rejected 
Weber’s theory of electric particles, it is more than possible 
that the discontmuous character of the energy changes 
resulting in radiation would have been elucidated long 
prior to the estabhshment of Planck’s “ quantum theory ” 
of iqdo 

Clerk Maxwell’s deduction in 1873 of the unit or atom 
of electricity in electrolysis, was followed in 1874 by 
Johnstone Stoney’s postulate of the natural unit of electric 
charge, the electrme (now electron), and by his identificaton 
of It in the rupture of each chemical bond. In 1881 
Helmholtz suggested the identity of electricity and chemical 
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afRnitj'-, unit affinity or valency being measureable by tl^^' 
number of units of electrical charge passing m electroly&is, 
and in the same year Sir J J, Thomson showed that an 
electric charge must possess inertia or mass m virtue of its 
velocity, and calculated the rate of variation of such m'&ss 
with velocity^ 

In 1880, Crookes, as the result of his mvestigations of 
the nature of the cathode rays formed on the passage of*' 
electricity at high voltages through rarefied gases, came to 
the conclusion that these rays were mateiial and carried 
negative electric charges, yet did not consist of solid, liquid, 
or gaseous particles, and suggested that they constituted a 
fourth form of matter, foi which he proposed the term 
“ radiant matter ” ® The material nature of these cathode 
rays, their powei of penetration of matter, and tlieii 
similarity whatever the gas operated with and whatever 
the material of which the cathode was made, suggested 
that the material pai tides of which the rays are composed 
are a constituent of all matter, and in 1891, Johnstone 
Stoney apphed to these particles the name electron, and 
regarded their charge as identical with the fundamental 
unit charge proposed by him in 1874® further 
attempted to show how, in the classical theory of light 
radiation, elections vibrating withm an atom could give 
rise to the light radiation causing the bright hnes in spectia. 

In 1895, Loren tz* showed that many optical and 
electiical phenomena were susceptible of explanation on 
the assumption that oscillatmg or ‘vibrating negatively 
charged particles existed m matter, and predicted several 
spectral phenomena which were later experimentally 
confirmed 

Two years later Sir J J Thomson announced that the 
cathode rays consisted of corpuscles, each having mass very 

1 Fill Mag, i88t, [5], 11, 239 „ 

5 Ftoc Roy Soc , 1880, 80, 469 

> Scunt Frac Roy Dublin Soc , 1S91, 583 

‘ An 4umpt at a Theory of Electrical and Optical Phenomena in Moving 
Bodiet, Leiden, 1895 
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t iich less than that of the hydrogen atom, and carrying a 
gative electrical charge of the same order as the electron 
predicted by Johnstone Stoney in 1874 ^ In the same year 
ICaufmann “ and Wiecheit ® obtained similar results, and 
the mass of the election is to-day known with an accuracy 
little less than that of the atom, and is about 1845 times 
less than that of the hydrogen atom 

* In 1900, Planck^ put forward the hypothesis that radia- 
tion IS emitted or absorbed by oscillatmg or vibrating 
electric particles in a discontinuous manner, such that 
energy lost or gamed by a vibrating particle is proportional 
to the frequency of vibration of tlie particle He further 
assumed that the energy emitted 01 absorbed by the 
vibrating particle could not be emitted or absorbed m a 
continuously varymg manner, but only in mtegral multiples 
of a minimum quantity, a “ quantum ” of energy, and that 
the proportionahty between eneigy and frequency was 
converted mto equality by multiplying by a constant This 
constant, known as “ Planck’s Constant of Action,” was 
assumed to be the same for all vibratmg' particles m every 
sort of matter. A vibrating particle havmg a frequency of 
vibiation v could therefore emit or absorb energy only m 
amounts of Av, h bemg Planck’s constant. This theory 
originally applied to the explanation of heat-iadiation, and 
extended from oscillating to rotating electric particles, 
forms the basis of Bohr’s theory of atomic structure and the 
explanation of optical and X-ray spectra elaborated by 
Bohr, Sommerfeld, and others 
In 1903, Lenard® came to the conclusion thatTlie^^elec- 
trons of the cathode rays, led out of a cathode tube through 
a thin metalhc “ window,” were absorbed by the air only 
after traversing such distances as indicated that only an 
extremely small prppoition of the space in atoms is impene- 

1 Phtl Mag , 1897, [5], 44, 293 
“ Wted Ann , 1897, 62, 589 
® IVud Ann Snpp , 1897, 21, 443 
* Ann Hys ,1901, [4], 4, 553 
^ Ihd , 1903, [4], 12, 714 
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trable by electrons He assumed that the impenetrably^ 
parts of atoms, called “ dynamids,” consisted of one 
positive and one negative election, and calculated that the 
impenetrable portions of an atom only amounted to a 
thousand-millionth of the volume of the atom, and regarded 
the number of dynamids per atom as proportional to the 
atomic weight. 

In 1904, Sir J J. Thomson, elaborating a suggestion of 
Kelvin, put forward a theory of atomic structure ^ m which 
an atom was assumed to consist of a sphere of positive 
electricity, having embedded m it a numbei of electrons 
or corpuscles equal to the positive chaige, the electrons 
arranging themselves symmetiically in rings in accordance 
with the electrostatic forces. 

Between 1906 and 1911, the investigations of Rutherford 
and of Geiger, and their co-workcrs, on the scattermg of 
a-paiticles from radioactive sources in passing through 
matter, led Rutheifoid in 1911 to propose the theory of 
the nuclear atom, known as the “ Rutherford atom,” * m 
which the whole mass of the atom is regarded as concen- 
trated on a minute positively charged central nucleus, 
surrounded by a number of negative electrons equal m 
total charge to the charge on the nucleus. Subsequent 
investigations have amply confirmed the reahty of this type 
of structural atom, which forms the basis of all existing 
theories, dynamic and static, of atomic structure. 

The work of Geiger having indicated that the charge on 
the atomic nucleus is approximately one-half of the atomic 
weight, van den Broek® put forward the hypothesis that 
the charge on the atomic nucleus is equal to the number 
of the element m the sequence of elements arranged 
according to atomic weights, or the nuclear charge is equal 
to the “ atomic number.” 

In 1913, Bohr, then working vwth Rutherford in Man- 

1 mi Mag , 1904, [6], 7, 237 , 8, 548 , 1905, [6], 10, 69s , 1906, [6], 11, 769. 

* Ibid , 1911, [6], 21 , 669 

• Nature, 1911, 87, 78 , 1913, 92 , 373 and 476 , ?bys Zett., 1911, 12 , 490 , 
1913, 14 , 3a, 
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•fester, put forward^ a theory of the structure of the 
i^drogen and ionised helium atoms which incoiporated 
Rutherford’s theory of 1911 (the small nuclear atom with 
surrounding electrons), van den Brock’s hypothesis of the 
same year (the equality of the nuclear charge, the number of 
atomic electrons, and the afomic number), Planck’s quan- 
tum theory of 1900 (the discontinuous nature of the energy 
“radiated by a vibrating electric particle in an atom), and 
Balraei’s law of the hydrogen optical spectrum of 1885 ® 
as generahsed by Rydberg m 1890® and Ritz in 1908 “ 
Bohr assumed that an atomic electron, circulatmg round 
the nucleus in virtue of the attractive force , between the 
opposite electiostatic charges on nucleus and electron, could 
travel m circular orbits at fixed distances from the nucleus, 
proportional to the squares of successive natural numbers, 
without the expenditure of energy m radiation. In the 
classical theory of electro-dynamics based on Newton’s 
and Kepler’s laws of motion, an electric charge could 
revolve round an attracting charge only in continually 
decreasing orbits until finally the charges coalesced, the 
energy of the circularly “falhng” particle being con- 
tmuously dissipated by radiation out of the system as 
electromagnetic hght waves The assumption of fixed 
orbits in Bohr’s theory was, therefore, equivalent to the 
identification of uniform circular motion (in the classical 
theory mvolvmg centripedal acceleration) with rectilinear 
uniform or non-accelerated motion These fixed orbits, 
m which electrons circulate without emission or addition 
of radiant energy, were called by Bohr “ stationary states,” 
but are strictly states of motion of the electrons — they are 
only stationary states m the sense that the orbits in which 
motion takes place are fixed Bohr further assumed that 
the difference in the energies of an electron in any two of 
the stationary states or fixed orbits represented twice the 

^ fbtl Mag , 1913, [6], 26 , i and 476 

* Ann Fhys , 1885, [3], 26 , 80 

* Compt rend , tSgo, 110 , 394 

* Collected JforkSf Swus Phyeical Society, Pant, 191I, 
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eneigy radiated 01 absoibed by tbe election in being trans?- 
feired fiom one 01 bit to anothei, and that the energy 
difieience between two consecutive oibits was equal to twice 
the product of-the frequency of the emitted ladiation and 
Planck’s universal constant Numbering the orbits from 
the centre outwards from i onwards, the difference between 
any two orbit numbers represented the number of multiples 
of the unit or quantum of ‘‘ moment of momentum ” (not of 
energy) peculiar to each atom, and these numbers were 
accordingly called quantum numbers of the electron orbits 
in an atom Combming Balmer’s law, Kepler’s and New- 
ton’s laws, and Planck’s quantum 1 elation, Bohr deduced 
that the lines of the hydrogen spectrum w^eie given by the 
formula, 

C __ _ / I I \ 

X Ilf) ’ 

in which X and v aic the w'- ive-lengtli and frequency 
respectively of the emitted radiation, ^ the electron charge, 
m the electron mass, c the velocity of hght, h Planck’s con- 
stant, and Hi and n^ the quantum numbers of the final and 
initial orbits of the electron. He also showed that the Imes 
of the similar spectrum of ionised helium (1 e with one 
electron) were given by the same formula when the calcu- 
lated frequencies were multiphed by four, the square of the 
charge, 2, on the hehum nucleus. 

In the same year, Moseley ^ began an investigation of the 
characteristic X-rays emitted by elements bombarded by 
cathode rays with the object of deciding whether the 
atomic weight or the atomic number of an element was the 
determining factor in the frequency of tlie X-radiation of 
elements, and for this purpose analysed the emitted X-rays 
into a spectrum for photography by a diffraction grating 
consisting of the regularly arranged atoms in a crystal, 
X-rays bemg of too short wave-length to be analysed by 
ordinary ruled diffraction gratings. 

Two groups of spectral hues, known as the K and L 

1 Fbt Mai , 1913, [6], 26 , 1024 , 1914, [6], 27 , 703. 
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Meries, were examined hy Moseley. In Bohi’s theory the 
jC lines are assumed to be due to the “ fallmg ” movement 
of an electron to the mneimost oibit with the quantum 
njimber i from outer 01 bits, and the L lines to tire “ falhng ” 
movement of an electron to the second mnermost 01 bit 
with quantum number 2 from outer orbits, these “ falling ” 
movements of an election being consequent upon the ejec- 
tion of an electron of quantum number i or 2, respectively, 
from the atom by the bombarding X-rays 
The simplified Bohr formula connectmg the frequency of 
the radiation with the atomic number is, 



where N is the nuclear charge, R is Rydberg’s spectroscopic 
constant, c is the velocity of light and x and v aie the wave- 
length and frequency respectively of the emitted radiation, 
this formula applying for an election movmg from a 
2 quanta to a l quantum orbit Moseley, however, found 
in the case of tire prmcipal or a-lme of the K series of the 
elements exammed that the equation was true only if N 
were reduced by approximately one unit, and that such 
amended equation gave a straight-hne graph, thus proving 
that the atomic number of an element not the atomic 
weight is the characteristic factor in determining the 
electric charge on the atomic nucleus 

Moseley also showed that straight-hne graphs are given 
on plottmg frequencies of the L radiation against atomic 
numbers, though Bohi’s simple equation was satisfied only 
by reducmg N m the equation by a constant, approximately 
7’4, for the L «-lme 

A calculation of the values of these two constants from 
the most recent determinations of the X-ray spectra of the 
elements indicates that “ Moseley’s constants ” are any- 
thing but constant, and in the case pf the K a-hne, the 
“ constant ” varies from about plus o 8 to mmus 2*3, and , 
fluctuates in a highly irregular manner from element to 
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element It appioximates to i for elements only betweep-^ 
atomic numbers 11 and 35, mostly examined by Moseley, 
and IS practically zero for the elements of atomic number 
49, 50, 51, 56, and 57, 1 e indium, tin, antimony, barium,, 
and lanthanum The values for “ Moseley’s constant ” for 
the bulb of the elements for the a, p, and y lines of the 
K senes are shown in Diagram X The value of the 

constant ” for the lines of the L series vanes from nearly 
plus 14 to minus 4, but only from 6 8 to 7*4 for the L a-lme 

The discrepancy between the theoretical and calculated 
value of the nuclear charge disclosed by Moseley’s work is 
presumed to be due to the screening effect of non-radiating 
electrons in the neighbourhood of the nucleus, the screening 
effect varying with the orbits of both non-radiating and 
radiating electrons. The pecularity of the irregular values 
of the “ screening-constant,” in passing from element to 
element, and the close correspondence in the irregularities 
in the various lines of the K senes do not appear to have 
been obseived or to be susceptible of explanation m the 
foregoing way. 

Though Moseley’s method cannot suffice to determine 
the precise value of the nuclear charge, it mdicates quite 
definitely tliat the nuclear charge mcreases by one unit in 
passing from element to element in the classification of the 
elements accordmg to atomic weight and chemical proper- 
ties, and consequently enables a decision to be made as to 
the precise order of the elements m the chemical classifica- 
tion m the cases of the three pairs of elements argon- 
potassium, cobalt-nickel, and tellurium-iodme, in which the 
atomic weights necessitate the oider potassium-argon, 
nickel-cobalt, and lodme-tellurium, as against the foregoing 
indicated by their chemical properties. Moseley’s values 
for the nuclear charges show clearly that the order is that 
of the chemical properties, i.e. that of the periodic classifica- 
tion. The nuclear charge, further, enables a decision to 
be made as to the number of missing elements in the 
periodic classification, and mdicates that elements of the 
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atomic numbers 43, 61, 75, 84, §5, 86, 87, 89, and 91, 
alone missing. Numbers 84, 86, 89, and 91, have been 
identified witli the radioactive substances, polonium, niton, 
actinium, and .protactinium, and then isotopes, but none 
of these, however, has been the subject of an atomic weight 
determination, and only one, niton, has been definitely 
characterised as a chemical element. The fact that the 
atomic number 61 alone is missmg between lanthanum, 57, 
and lutecium, 71, indicates conclusively that the ‘‘rare- 
earth ” transition period (see Ch. VI, p 79) consists of 15 
possible elements, and that, therefore, the 3rd long period 
of the periodic classification consists of 32 possible elements 
(see Ch. X, p. 138). 

In 1886, Crookes 1 suggested that atomic weights might 
be averages of whole number atomic weights, elements thus 
being mixtures of atoms identical except in atomic weight 
This suggestion was confirmed by the discovery more than 
twenty years later of isotopes among the radioactive 
elements, Soddy® in 1911 reviving Crookes’ suggestion 
that elements generally were mixtures of chemically non- 
separable atoms m a constant propoition. In 1912, A. S. 
Russell and Rossi® showed that isotopes were not only 
identical in chemical properties but were identical even in 
optical spectra, such atoms consequently differing only m 
mass and radioactivity. 

It may here be remarked, if the atomic weights assigned 
to the actinium series are correct, that isotopes may exist 
with identical atomic weights as well as identical chemical 
properties, eg radium Ci and actinium A, both with 
atomic weight 214, radium D and actinium B, radium E 
and actinium C, polonium and actinium Ci, all six with 
atomic weight 210 Such pairs of elements differ m no 
respect except ladioactivity, their atoms being identical in 
mass, nuclear chaige, number of electrons, valency, and 
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-feneral physical and cheoiical properties. The extent of 
this identity throws extreme doubt on the accuracy of the 
atomic weights assigned to the members of tlie actinium 
series, not one of which has had its atomic weight deter- 
mined experimentally, nor even been definitely character- 
ised as a chemical element In order that no isotopes 
should have identical atomic weight it would be necessary 
'to reduce the actinium series by six units m atomic weight 
In 1911, Sir J J Thomson^ showed tliat the positive 
rays obtained in cathode tubes were material particles of 
atomic and molecular dimensions, and determined the 
absolute values of the masses of the atoms of many elements. 
The method of generating the positive rays was similar to 
that employed by their discoverer Goldstein in 1886,“ 
positively charged atoms and molecules, created by ionisa- 
tion-loss of electrons in front of the negatively charged 
cathode, being allowed to “ fall ” through a hole 01 channel 
pierced in the cathode These “ canal rays ” were analysed 
into homogeneous rays of similar type by means of super- 
imposed electric and magnetic fields. Sir j. J Thomson thus 
being enabled to obtain photographs of impingmg particles 
in the form of parabolas on the plates, each parabola bemg 
due to particles having the same ratio of charge to mass. 
In an examination of neon, parabolas were detected corre- 
sponding to atomic weights 20 and 22, the presence of 
doubly-charged atoms of calcium (atomic weight 40) and 
molecules of carbon dioxide (molecular weight 44) being 
ruled out The only explanation possible was that neon 
(atomic weight 20*2) was a mixture of atoms of atomic 
weight 20 and 22, the former preponderating, as was con- 
firmed by the comparative famtness of the 22 paiabola. 
This constituted the first detection of isotopic atoms among 
the non-radioactive elements- 
The existence was also proved of triatomic hydrogen, and 
the ordinary atom of hydrogen was, obtained with one 

I’hl Mag , igii, [6], 21 , aaj , 1912, [6], 24 , 209 
= Berl Bcr , 1886, 39 , 691 
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positive charge, but not more than one, tlius confirming 
that the atom of neutral hydrogen possesses only one 
negative electron. The molecule of hydrogen tvas also 
detected with one positive charge, but never two positive 
charges, proving that chemical combination, if due to 
electrons, need be due to no more than one electron for a 
chemical bond This was further confirmed by tlie fact 
that tnatomic hydrogen was never detected with more' ” 
than one electron missmg (or one positive charge), i.e. with 
less than two present of the three electrons, for a molecule 
of tliree linked atoms must contain at least two chemical 
bonds. It was also proved that the inert gases are always 
positively charged, never negatively, thus indicating that 
they can lose but not gam electrons. In general it was 
found 'that the electronegative elements alone could give 
negatively unit-charged atoms, whereas all elements could 
give positively charged atoms, the acquirement of electrons 
thus being parallel with the chemical property of electio- 
negativity, and the loss of electrons being the common 
property of all elements. The maximum number of elec- 
trons lost by any atom was proved to be eight, a significant 
fact taken in conjunction with the chemical fact that the;^#' 
maximum valency for any element is eight. 

Sir J. J Thomson’s researches on positive ray analysis 
have yielded results of extreme chemical importance, 
altogether apart from the question of isotopic elements. 
His results may be regarded as an experimental demonstra- 
tion that chemical combination, measured numerically in 
valency, is due to the reactions of elections, valency being 
numerically identical with elections in the case of lonisabk 
compounds ; that electronegativity is identical with gain 
of electrons and electropositivity with loss of electrons , 
that one electron may suffice for the chemical bond in the 
case of non-ionismg compounds ; that the structures of the 
atoms of the mert gases, in no circumstances, accommo- 
date any more electrons , that the atoms of hydrogen and 
helium cannot yield structures containmg more than two 
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^'electrons per atom , that the maximum number of elections 
that an atom can lose is eight , and that the maximum 
number of electrons that an atom can gam is one ^ 

Sir J J. Thomson’s method of positive-ray, analysis was^J 
further improved by Aston in 1919’- by an adjustment of 
successive electric and magnetic fields so that the particles 
Ijaving the same ratio of charge to mass are focussed on to 
tlie photographic plate as Imes, which are the images of 
the slit through which the rays pass. This arrangement, 
known as the mass-spectrograph, disperses the various types 
of rays over a wide range while giving sharp definition to 
each type of ray, and it has been possible to measure the 
masses of the atoms or molecules forming the rays with an 
accuracy of I m 1000 The most important result obtained 
has been the proof that the majority of the elements are 
mixtures of isotopic atoms having atomic weights which 
are integral multiples of one-sixteenth of the atomic 
weight of oxygen, or, in other words, that atomic weights 
are whole numbers The only outstanding exception is 
hydrogen, with an atomic weight of i*oo8 This has been 
“ explamed ” by the supposition that part of the mass of 
all other atoms has disappeared in the condensation of the 
atomic nucleus from electrons and hydrogen nuclei If all 
mass IS merely the inertia of an electric charge, two opposite 
electric chaiges in very close juxtaposition will partially 
obliterate one another, with resulting dimmution in inertia 
due to electric charge, i e. loss of mass. In the case of 
hehum, the nucleus of which is supposed to be made up 
of four hydrogen nuclei, called protons, and two electrons, 
the loss of mass is the difference between 4 x i‘Oo8 and 4, 
that is o 032, tlie difference between the atomic weight of 
four free atoms of hydrogen and the observed atomic 
weight of hehum 

It may be remarked that this explanation ” of the 
deviation of hydrogen from the “ whole,number rule ” has 

^ Phi Mag, 1919, [6], 88, 707, 1920, [6], 39 , 6n , 40 , 628, igji, [6], 

42, 14Q and 436 , Isotopes, London, 1922 
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no evidence to support it, and that some evidence exists'^ 
which throws doubt upon it. Accoidmg to the most 
recent worl of Ellis ^ on the p- and v-ra^s of radioactive , 
elements, the electrons in the nucleus exist in quan.tum^_ 
orbits similar to those of the outer electrons. It must be - 
supposed that the electrons in the intra-nuclear orbits 
possess much greater orbital velocity (owing to the 
extremely minute size of the nucleus as compared with 
the atom) than the extra-nuclear electrons. As the K 
electrons of uranium have a velocity (125,000 miles per 
second or 67 per cent of light speed) nearly sufficient to ' 
add perceptibly to the mass of the electrons, the velocity 
of the intra-nuclear electrons, even in the case of helium, 
must be sufficient to make an appreciable addition to the 
mass of these electrons Helium should consequently have 
a greater mass than four atoms of hydrogen, which has no 
intra-nuclear electrons, a deduction which is not borne 
out in fact This does not necessarily indicate the non- 
existence of intra-nuclear quantum orbits with electrons 
whose speed is not a negligible fraction of the velocity of 
hght. It may merely indicate that the nuclei of aU 
elements, hydrogen not excluded, contain a number, 
possibly a very laige number of electrons, and that the 
mass of aU nuclei is due partly or entirely to the mass of 
electrons as a consequence of tlieir velocity. It may yet be 
necessary to assume that the positive charge of electricity 
IS totally divorced from mass, and that mass is a function 
of negative electricity It is remarkable that our present 
theories of mass and positive electricity are founded less 
on any positive knowledge of positive electricity than on the 
negations known of negative electricity 
A different method of generating positive rays, due to 
Gehrcke and Reichenheim ® has been elaborated by Demp- 
ster,® in which a metallic salt is electrically heated on a 
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"follow platinum anode and simultaneously bombaided by 
electrons irom a cathode, anS the hberated positive particles 
accelerated by a small electric field and focussed by deflec- 
tion round a semicii cle by a magnetic field The advantage 
' of the method is that it can be used for non-volatile com- 
pounds, whereas the cathode “ canal lay ” method is 
apphcable only to gases which can be ionised m the space 
in front of the catliode The results obtained by both 
Dempster and A^ton, using Dempster’s method, have 
largely confirmed and supplemented the facts elucidated by 
. Aston, using Sir J J. Thomson’s modified method, that 
the majority of the elements are mixtures of isotopes con- 
forming generally to the “ whole number rule ” of atomic 
weights. In the case of selenium the atomic weight of one 
of the isotopes, 82, is identical with the atomic weight of 
one of the isotopes of krypton, and these non-radioactive 
elements therefore contam isobaric atoms, many cases of 
which are known among the radioactive elements 
The very great energy of the massive hehum nuclei 
(«-particles) ejected from the atoms of the radioactive 
atoms, due to the enormous velocities of the ejected 
oc-pai tides (about 12,000 miles per second for tlie a-particles 
from radium C), led Ramsay in 1907 to bombard other 
elements with them in the hope of disintegrating their 
atoms. Though Ramsay announced several cases of dis- 
integration and transformation, using this method, his 
results have not been confirmed Neveitheless this method 
has withm very recent years in the hands of Rutherford,^ 
and Rutherford and Chadwick,** led to what appears to be 
real disintegration of one or more of the fighter atoms 
When such energetic bombardment of hydrogen atoms 
takes place, some of the hydrogen atoms are propelled 
forwards with a velocity that gives them a range of travel 
of about 28 cms. in air, the a-particles themselves, being 


Mag, 1919, [6], 37 , 537, igzi, [6J, 41 , 307, Proc Ray. Soc , igao, 
A, 97 , 374, Nature, 192*, 109 , 614. 

* Phtl Mag , igai, [SJ, 42 , 809 , 1922, [6], 44 , 417 
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helium atoms four times as heavy, havmg a lauge m ap- 
of only a quarter, 1 e about 7 cms When, however, the 
gas bombarded was nitrogen, particles identified as hydro- 
gen atoms, having a range of 40 cms , were obtained, and, 
aftei rulmg out the possibility of impuiities, Rutherford ” 
assumed that the hydrogen particles arose from the dis- 
integration of atoms of nitrogen Hydrogen particles of 
range greater than 28 cms were also obtained on bombard-'’ 
mg compounds containmg atoms of boron, fluorine, sodium, 
alummium and phosphorus, having the atomic numbers 5, 
9, II, 13, and 15 In all of these cases hydrogen particles 
having a range greater than 28 cms were also found to be 
ejected in lire backward direction by the bombardment, 
though in the case of nitrogen, of atomic number 7, the 
backward range was only 18 cms No particles having a 
range exceedmg 28 cms. were obtamed from the bombard- 
ment of lithium, beryllium, carbon, oxygen, neon, mag- 
nesium, sihcon, sulphur, chlorme, argon, and potassium, 
having the atomic numbers 3, 4, 6, 8, 10, 12, 14, 16, 17, 
18, and 19. The general conclusions are that long range 
hydrogen particles are obtamed only from elements of odd 
atomic number, but not from any elements of atomic 
number less than 5 or greater than 15. Rutherford regards 
the result as conclusive evidence that the atoms giving rise 
to the long range hydrogen particles actually contain 
hydiogen nuclei (protons) m their nuclei, and that a real 
disintegration has been obtained He has also announced 
that nitrogen and oxygen yield particles of range 9 cms. 
having an atomic weight of 3 and a double positive charge, 
and has suggested that these atomic nuclei contam particles 
of atomic weight three, 1 e consistmg of three protons and 
one electron 

It IS possible, however, that the hydrogen pai tides of 
mass I, and the short-range particles of mass 3 do not come 
from the atoms bombarded, but from the bombarding 
helium nuclei of mass 4, and that the results are due J:o the 
disruption of the helium nucleus into two parts of masses 
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and 3, each part with one election, tlie particle of mass l 
having Its electron “ brushed ” off in its long travel before 
producing the scintillation hj which it is detected, and the 
paiticle of mass 3 falling to pieces after a s^iort travel to 
give rise to two hydrogen nuclei and one hydrogen atom, 
or one hydrogen nucleus and one ionised hydrogen mole- 
cule, just as ionised triatomic hydrogen falls to pieces on 
'furthei ionisation. The unsymmetrical dismtegration of 
the hehum nucleus may be attributed to the unsymmetrical 
structure of the bombarded atoms of odd atomic number 
Atoms of even atomic number may, on the other hand, 
disrupt the hehum nucleus symmetrically into two ionised 
molecules of hydrogen, which would have a short range 
oiving to their mass and thus allow the dismtegration to be 
overlooied Rutherford’s results are truly evidence of 
dismtegration of elements, but perhaps only of the radio- 
actively-produced a-particle or hehum nucleus Until this 
possibility has been definitely excluded, judgment may 
properly be withheld as to the precise natuie of the 
dismtegration actually effected. 



